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INTRODUCTION
Oncostatin M (OM), a 28 kDa glycoprotein, is a cytokine produced by activated T

lymphocytes and macrophages (1). Our previous studies showed that OM inhibits the
growth of several breast cancer cell lines, including MCF-7, MDA-MB231, and H3922,
which is a cell line derived from an infiltrating ductal carcinoma (2-6). Breast cancer
cells respond to OM treatment with reduced growth rates and the appearance of
differentiated phenotypes. However, OM treatment does not appear to lead to apoptosis.
Since the p53 tumor suppressor protein plays important roles in cellular proliferation and
differentiation, we examined the effects of OM on p53 expression in breast cancer cells.
Surprisingly, we found that p53 expression was down regulated by OM in MCF-7, MDA-
MB231, and H3922 cells (7). Decreased levels of p53 protein and mRNA were detected
after 1 day of OM treatment and reached maximal suppression of 10-20% of control after
3 days. Nuclear run-on assays further demonstrated that OM decreased the number of
actively transcribed p53 mRNA. In order to delineate the molecular mechanisms by
which OM regulates p53 transcription and to understand the signaling transduction
pathways that are involved in the OM-mediated transcription of p53 we have conducted a
series of experiments using a variety of molecular approaches and biochemical methods
to identify the cis-acting elements and the trans-acting factors that are responsible for the
OM-induced suppression of p53 transcription. In addition, we have utilized MAP kinase
inhibitors and the dominant negative mutants of STAT3 and STAT1 to delineate the
signaling transduction pathways involved in p53 regulation. Finally, we have generated
stable cell lines (MCF-7 ptsp53) that express p53Val135 temperature-sensitive mutant and
utilize this cell line to identify p53 regulated genes.
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BODY
The expression of p53 tumor suppressor gene in breast cancer cells is down-regulated
by cytokine oncostatin M (appendix No. 1)

Previously, we showed that oncostatin M (OM), a cytokine produced by activated
T cells and macrophages, inhibited the proliferation of breast cancer cells derived from
solid tumors and malignant effusions. OM-treated cells showed reduced growth rates and
differentiated phenotypes. Since the p53 tumor suppressor protein plays an important role
in cellular proliferation, we examined p53 protein expression in three OM-responsive
breast cancer cell lines, MCF-7, MDA-MB231, and H3922. Western blot analysis
showed that p53 protein levels in all three cell lines were decreased by OM treatment.
Reduction of p53 protein was detected after 1 day of OM treatment and reached maximal
suppression of 10-20% of control after 3 days in H3922, and 40% of control after 4 days
in MCF-7 cells. A comparison of p53 mRNA in OM-treated cells versus untreated
control cells showed that exposure to OM reduced the steady-state levels of p53 mRNA
transcripts to a similar extent as the p53 protein levels. This observation suggests that the
effect of OM on p53 protein expression does not occur at the post-translational level.
Nuclear run-on assays verified that OM decreased the number of actively transcribed p53
mRNAs, suggesting a transcriptional regulatory mechanism. The effect of OM on p53
expression appears to be mediated through the extracellular signal-regulated kinase
(ERK) pathway, as inhibition of ERK activation with a specific inhibitor (PD98059) to
the ERK upstream kinase MEK abrogated the OM inhibitory activity on p53 expression
in a dose dependent manner. In addition to OM, we showed that the p53 protein
expression in MCF-7 cells was also decreased by PMA treatment. Since both OM and
PMA induce MCF-7 cells to differentiate, our data suggest that p53 expression in breast
cancer cells is down-regulated during the differentiation process.

Identification of the novel OM-responsive regulatory element of the p53 promoter
(Appendix No. 2)

Previously we showed that oncostatin M (OM) suppresses p53 gene transcription
in breast cancer cells. To identify the cis-acting regulatory elements that mediate the OM
effect, in this report, we dissected the p53 promoter region and analyzed the p53
promoter activity in MCF-7 cells. We show that treatment of MCF-7 cells with OM
induced a dose- and time-dependent suppression of p53 promoter activity. The p53
promoter activity was decreased to 35% of control at 24 h and further decreased to 20%
at 48 h by OM at concentrations of 5 ng/ml and higher. Deletion of the 5'-flanking
region of the p53 promoter from -426 to -97 did not affect the OM effect. However,
further deletion to -40 completely lost the OM-mediated suppression. The region -96 to
-41 contains the NF-kB and c-myc binding sites, and a newly identified UV-inducible
element PE21. Mutations to disrupt NF-kB binding or c-myc binding to the p53
promoter decreased the basal promoter activity without affecting the OM-mediated
suppression, whereas mutation at the PE21 motif totally abolished the OM effect. We
further demonstrate that insertion of PE21 element upstream of the thymidine kinase
minimal promoter generated an OM response analogous to that of the p53 promoter.
Finally, we detected the specific binding of a nuclear protein with a molecular mass of 87
kDa to the PE21 motif. Taken together, we demonstrate that OM inhibits the
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transcription of p53 gene through the PE21 element. Thus, PE21 element is functionally
involved in p53 transcription regulated by UV-induction and OM suppression.

STAT3 participates in OM-mediated downregulation of p53 (Appendix No.3)
OM downregulates p53 expression in MCF-7 cells by inhibiting the gene

transcription (1,4). Since blocking the MEK/ERK pathway only partially reversed the
OM inhibitory effect on p53 protein expression, it is possible that other signaling
pathways could also be involved. OM activates both STAT3 and STAT1 in MCF-7 cells.
To determine whether STAT3 or STAT1 activation is a key event in the OM-induced
growth inhibition of MCF-7 cells, we established stable MCF-7 clones that express a
dominant negative STAT3 mutant (dnStat3, Y705F). MCF-7 clones (neo) transfected
with the empty vector (pEFneo) were also generated and were used in this study as
negative controls to access possible side effects associated with antibiotic selection.

We examined p53 protein levels in MCF-7 neo and dnStat3 clones untreated or
treated with OM. Western blot analysis shows that while OM treatment lowered p53
protein level to 35% of control in the neo clone, the level of p53 protein in the dnStat3
clone was not decreased by OM treatment. Taken together, these results demonstrate that
activation of STAT3 signaling pathway is a necessary step in the OM-mediated
regulation of p53 transcription.

Molecular characterization of oncostatin M-induced growth arrest of MCF-7 cells
expressing a temperature-sensitive mutant of p53 (Appendix No.4)

Our previous studies have shown that treatment of MCF-7 breast cancer cells with
cytokine oncostatin M (OM) results in a growth arrest and a concurrent decrease in p53
expression. It remains to be determined whether these two important events are directly
connected, as changes in p53 protein levels can lead to variable biological outcomes. In
this study we have generated stable cell lines (MCF7-ptsp53) that express p53Va1'35 a
p53 temperature-sensitive mutant. We demonstrate that overexpression of the wildtype
(wt) p53 at permissive temperature in MCF7-ptsp53 cells leads to growth arrest at the G2-
M phase of the cell cycle. Inhibition of endogenous p53 function with the expression of
mutant p53 protein at non-permissive temperature did not affect the OM-induced G1 cell
cycle arrest. Microarray studies were further carried out to identify p53- and OM-
regulated genes that mediate the G2/M or G1 cell cycle arrest. We show that the
expression of p21 was upregulated and expressions of cdc2, cyclin B2 and protein
regulator of cytokinesis 1 (PRC1) were suppressed by overexpression of the wt p53 in
MCF7-ptsp53 cells at the permissive temperature. In contrast, OM treatment caused
coordinate changes of mRNA expression of several cell cycle components including
c/EBP8, cdc20, and thymidine kinase 1 (TK1) that mainly affect GI-S phase transition.
All together, our results suggest that the downregulation of p53 transcription may be
involved in some other cellular changes induced by OM but it is not directly connected to
the antiproliferative activity of OM per se.
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KEY RESEARCH ACCOMPLISHMENTS
"* Identification of a novel Spl binding site that contributes to the maximal p53 basal

transcriptional activity in breast cancer cells.
"* Demonstration of the critical functional role of the newly identified regulatory

element PE21 motif in OM-induced transcriptional suppression of the p53 gene.
"* Providing the first evidence that an 87 kDa DNA binding protein interacts with the

PE21 sequence.
"* Establishment of a stable cell line (MCF-7 ptsp53) that can turn on or turn off the

wild-type p53 expression by temperature switch.
"* Through these studies we have identified the Protein Regulator of Cytokinesis

(PRCl) as a novel p53 regulated gene and demonstrated that wt p53 strongly
inhibits PRCl gene transcription. The effects of wt p53 on the PRC1 gene
expression are also confirmed in other cancer cells by transfection of wt p53 into
T47D and HeLa cells. PRCl has been shown to play an exclusive role in
cytokinesis. In the absence of PRC1 expression, cells progress through mitosis
normally but are unable to divide, leading to the formation of binucleate cells. In
accordance with the decreased PRC1 expression, we have found that about 10% of
MCF7-ptsp53 cells became binucleate after switching cells from 37°C to 32'C.
Thus, identification of PRC1 as the p53 targeted gene may uncover a previously
unrecognized function of p53 in the regulation of cytokinesis.

REPORTABLE OUTCOMES
"* Two manuscripts have been published in the first 18 months of the award period that

demonstrated the effects of OM on p53 transcription (Cell growth and
Differentiation. 10:677-683, 1999) and identified a novel regulatory element PE21
on p53 promoter (Oncogene 20:8193-8202, 2001).

"* Two manuscripts have been published in the third year of funding that characterized
the OM-signaling pathway involved in p53 transcriptional regulation (Oncogene
22:804-905, 2003) and the identification of p53 regulated genes (Breast Cancer Res.
Treat., In press).
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CONCLUSIONS
Transcriptional regulation of the p53 gene contributes to the change in

expression of wildtype p53 during the cell cycle and to the elevated expression of
mutated p53 in tumor cells. However, currently, little is known regarding the regulation
of p53 transcription in tumor cells. Characterization of the human p53 promoter to
localize the OM responsive elements to PE21 element provides new information for
understanding the transcriptional control of p53 expression in breast cancer cells. Our
studies of cell cycle and microarray analyses suggest that OM and p53 arrest cell
growth by affecting different phases of the cell cycle; OM arrests cells at the Go/Gi
phase whereas p53 halts the cycle progression at the G2/M phase. In addition to
regulate the cell growth, OM has been shown to induce many changes in cellular
functions such as cell morphology, adhesion, motility, metabolism, and extracellular
matrix deposition. Similarly, p53 controls numerous critical cellular processes. It has
been shown that changes in p53 levels lead to variable outcomes. Given the
consideration of the importance of p53 in cell homeostasis, the regulation of OM on p53
transcription warrants further investigation. Moreover, our novel finding of the
regulatory effect of p53 on PRC1 gene expression is important. The activities of p53 on
GI and G2 checkpoints have been well studied. However, it has never been reported
that p53 has a function in cytokinesis. Further investigations are needed to understand
the functional significance of p53 regulation of PRC1 gene expression.
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The Expression of p53 Tumor Suppressor Gene in Breast
Cancer Cells Is Down-Regulated by Cytokine
Oncostatin M1

Jingwen Liu,2 Cong Li, Thomas E. Ahlborn, specific inhibitor (PD98059) to the ERK upstream
Michael J. Spence, Lou Meng, and Linda M. Boxer kinase mitogen/extracellular-regulated protein kinase
Veterans Affairs Palo Alto Health Care System, Palo Alto, California kinase abrogated the OM inhibitory activity on p53
94304 [J. L., C. L., T. E. A., L. M. B.]; Mountain States Medical expression in a dose-dependent manner. In addition to
Research Institute and Department of Veterans Affairs Medical Center,
Boise, Idaho 83702 [M. J. S.]; Department of Pathology, University of OM, we showed that the p53 protein expression in
Miami, Miami, Florida 33136 [L. M.]; and Department of Medicine, MCF-7 cells was also decreased by phorbol 12-
Stanford University School of Medicine, Palo Alto, California 94305- myristate 13-acetate treatment (PMA). Because both
5112 [L. M.B.] OM and PMA induce MCF-7 cells to differentiate, our

data suggest that p53 expression in breast cancer cells
Abstract is down-regulated during the differentiation process;
Previously (J. Liu, et al., Cell Growth Differ., 8: 667-676,
1997), we showed that oncostatin M (OM), a cytokine Introduction
produced by activated T cells and macrophages, OM, 3 a Mr 28,000 glycoprotein, is a cytokine derived from
inhibited the proliferation of breast cancer cells derived activated T lymphocytes and macrophages (1-3). OM is a
from solid tumors and malignant effusions. OM-treated member of the IL-6 family cytokines, which includes IL-6,
cells showed reduced growth rates and differentiated IL-11, LIF, ciliary neurotrophic factor, and cardiotrophin-1
phenotypes. Because the p53 tumor suppressor (4-7).
protein plays an important role in cellular proliferation, As a pleiotrophic cytokine, OM elicits many different bio-
we examined p53 protein expression in three OM- logical functions in different cell types, among which its
responsive breast cancer cell lines, MCF-7, MDA- ability to regulate cell growth and differentiation is most
MB231, and H3922. Western blot analysis showed that notable. OM stimulates the growth of normal fibroblasts (8,
p53 protein levels in all three of the cell lines were 9), normal rabbit vascular smooth muscle cells (10), myeloma
decreased by OM treatment. Reduction of p53 protein cells (11), and AIDS-related Kaposi's sarcoma cells (12). OM
was detected after I day of OM treatment and reached also has been shown to inhibit the proliferation of a number
maximal suppression of 10-20% of control after 3 days of cell lines derived from human tumors including breast
in H3922 and 40% of control after 4 days in MCF-7 carcinoma, melanoma, and lung carcinoma (8, 9,13-16). The
cells. A comparison of p53 mRNA in OM-treated cells inhibitory or stimulatory effects of OM on cell growth seem to
versus untreated control cells showed that exposure to depend on target cell type.
OM reduced the steady-state levels of p53 mRNA The growth regulatory activity of OM has been examined in
transcripts to an extent similar to that of the p53 a number of breast cancer cell lines, including MCF-7, MDA-
protein levels. This observation suggests that the MB231, and H3922 (8, 13-16). The common responses of
effect of OM on p53 protein expression does not occur breast cancer cells to OM are reduced growth rates and the
at the posttranslational level. Nuclear run-on assays appearance of differentiative phenotypes. The growth-inhib-
verified that OM decreased the number of actively itory effects of OM in these cell lines were accompanied by
transcribed p53 mRNAs, which suggests a striking morphological changes (13, 15). Similar to the mor-
transcriptional regulatory mechanism. The effect of OM phological changes seen in H3922 cells (13), the appearance
on p53 expression seems to be mediated through the of cytoplasmic vacuoles and enlargement of cytoplasm were
extracellular signal-regulated kinase (ERK) pathway, observed in MCF-7 and MDA-MB231 cells. In addition, OM-
inasmuch as the inhibition of ERK activation with a treated MDA-MB231 cells became spindle shaped, and the

intercellular junctions were severely disrupted. In MCF-7
cells, a large amount of lipid droplets appeared after OM

Received 3/1/99; revised 7/12/99; accepted 8/18/99. treatment. These phenotypic changes have been described
The costs of publication of this article were defrayed in part by the as signs of differentiation of breast cancer cells (17). The
payment of page charges. This article must therefore be hereby marked
advertisement In accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.
1 This study was supported by the Department of Veterans Affairs (Office
of Research and Development, Medical Research Service); by Grant 94 a The abbreviations used are: OM, oncostatin M; ERK, extracellular signal-
MM4548 from the United States Army Medical Research and Develop- regulated kinase; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-
ment Command; and by NIH Grant CA69322. phosphate dehydrogenase; IL, interleukin; IMDM, Iscove's modified Dul-
2 To whom requests for reprints should be addressed, at Veterans Affairs becco's medium; LIF, leukemia-inhibitory factor; MAP, mitogen-activated
Palo Alto Health Care System, 3801 Miranda Avenue, Palo Alto, CA protein; MEK, mitogen/extracellular-regulated protein kinase kinase;
94304. Phone: (650) 493-5000 ext. 64411; Fax: (650) 849-0251; E-mail: OSMR/3, oncostatin M-specific receptor /3 subunit; PMA, phorbol 12-
liu@icon.palo-alto.med.va.gov. myristate 13-acetate; LDL, low-density lipoprotein.
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Fig. 1. Dose~dependent suppression of p53 protein expression by OM.
Total cell lysate was Isolated from H3922 cells that were untreated or
treated with 0.1, 1, 10, or 100 ng/ml OM for3 days. Untreated control cells B
and OM-treated cells were lysed simultaneously at the end of treatment. 1 2 3 4
Fifty t~g of total cell lysate per sample were analyzed for p53 protein p53-
expression by Western blot. Anti-f3-actin monoclonal antibody was used Actini
to normalize the amount of cellular protein being used. The normalized % ow021

p53 protein levels expressed as % of control were determined by densi- % of control: 100 72 123 10

tometric analysis of the immunoblot. The normalized p53 protein levels (%
of control) are: control, 100; OM 0.1 ng/ml, 83; OM 1 ng/ml, 68; OM 10 Fig. 2. Time course of regulation of p53 protein expression by OM. A,
ng/ml, 9; OM 100 ng/ml, 15. The figure shown is representative of two H3922 cells were untreated or treated with 50 ng/ml OM for 9 h, 1, 2, 3,
separate experiments, and 4 days respectively. At the indicated times, cells-untreated or

treated with OM-were lysed simultaneously. Twenty p.g of protein oftotal
cell lysate per sample was analyzed for p53 and P-actin protein expres-
sion by Western blot. The figure shown is representative of two separate

examination of several breast cancer cell lines that were experiments. B, cells were seeded in regular growth medium overnight
treated with OM did not show a significant number of apo- and then switched to serum-free medium for 48 h to induce growth arrest.

ptotic cells, which suggests that OM does not induce apo- Cell proliferation was initiated by adding serum (10% FBS) back to the
culture medium with or without OM for 24 h. At the end of the experiment,

ptosis in breast cancer cells. The expression of the proto- all of the cells were harvested simultaneously and analyzed for p53 and

oncogene c-myc is induced by OM within 1 h and is P-actin expression by Western blot. Lane 1, cells cultured in regular
growth medium for 48 h; Lane 2, cells cultured in serum-free medium forsubsequently suppressed by OM after 24-48 h (13, 14). The 48 h; Lane 3, after serum starvation, cells were incubated in regular growth

molecular and cellular mechanisms underlying the growth- medium for 24 h in the absence of OM; Lane 4, after serum starvation,

inhibitory activity of OM have not been elucidated. cells were incubated in regular growth medium for 24 h in the presence of

Because the p53 tumor suppressor protein plays impor- CM.

tant roles in cellular proliferation and transformation (18), we
investigated the possibility that OM-induced growth inhibi- with anti-p53 monoclonal antibody. Fig. 1 shows that the p53
tion and induction of differentiation are associated with al- protein level was decreased in OM-treated cells in an OM
terations in p53 protein expression. In this study, we show dose-dependent manner. A maximal effect of 80% suppres-
that the p53 protein and the p53 mRNA in breast cancer cells sion was observed at 10 ng/ml and higher. In contrast to p53,
were down-regulated by OM. Nuclear run-on studies and an the level of 3-actin was not altered by OM.
analysis of p53 promoter activity both suggested that OM We next examined the time Course of OM regulation on
suppressed the transcription of the p53 gene. Interestingly, p53 protein expression. H3922 cells were untreated or
the effect of OM on p53 expression seemed to be mediated treated with 50 ng/ml OM for different period of times. The
at least in part through the MAP kinase, also known as the results showed that the levels of p53 protein in untreated
ERK pathway, because the inhibition of ERK activation par- control cells remained unchanged during the experiment but
tially abolished the inhibitory effect of OM on p53 expression, were markedly decreased by OM treatment. The amount of

p53 in OM-treated cells decreased to 50% of control after
Results 9 h, lowered to 40% afte& 24 h, and further declined to the
To investigate whether OM regulates p53 expression, we level of 10% of control after 48 h (Fig. 2A). To establish that
initially examined the effect of OM on H3922 breast cancer the effect of OM on down-regulation of p53 expression is not
cells: H3922 is a breast cancer cell line derived from an the result of growth arrest, H3922 cells were cultured in
infiltrating ductal carcinoma. We characterized this cell line serum-free medium for 48 h, which led to growth arrest as
with regards to OM receptor, LIF receptor, EGF receptor, and assayed by [3H]thymidine incorporation (data not shown).
estrogen receptor expression. status (13). H3922 cells ex- Then cell proliferation was initiated by replacing the culture
press highly abundant OM-specific receptors and respond to medium with IMDM containing 10% FBS in the absence or
OM with a strong growth inhibition. Treatment of these cells the presence of'OM for 24 h. Fig. 2B shows that the p53
with OM for 3 days reduced DNA synthesis to 20% of control protein level in serum-starved cells decreased 30% (Lane 2)
at concentrations of 10-20 ng/ml (13, 14). H3922 cells were as compared with that in cells cultured in regular growth
exposed to OM at different concentrations for 3 days, and medium (Lane 1). Adding serum back to the growth arrested
then untreated and OM-treated cells were lysed. Total cell cells stimulated p53 expression (compare Lane 3 with Lane
lysate was harvested, and 50 Ag of soluble protein from each 2) in the absence of OM. However, .OM produced a similar
sample were loaded on a 10% SDS gel and separated by inhibitory effect on p53 protein expression as seen in Fig. 2A.
electrophoresis, transferred to PVDF membrane, and blotted These experiments suggest that OM has a direct effect on
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A PMA (day): 1 4 5 6 C
OM (day): C 4 6

p53 -
p53-

Actin- actin-

%of control: 42 40 40 48 100
B

Control OM Fig. 4. Down-regulation of p53 protein expression by PMA. MCF-7 cells
1D11D 2 D I were treated with 100 ng/ml PMA for the indicated times and the p53

ID 2D 3D 4D ID 2D 3D 4D 5D J85 kDa protein was detected by Western blot. The normalized p53 protein levelsp53 ,-, against actin were expressed as % of control and were determined by
p53 7 cdensitometric analysis of the immunoblot.

Actin c-41.8 kDa regulation of OM on p53 in H3477 cells. H3477 cells have

been shown not to express the OM-specific receptor, and

C OM does not inhibit the growth of these cells (13, 19). As we
OM (day): 0 3 expected, the p53 protein expression in H3477 breast cancer

cells was not suppressed by OM (Fig. 3C), which indicated
p53- that the suppression of p53 protein expression by OM is a

receptor-mediated event.
A -Previously (17, 20), it had been reported that PMA induces

MCF-7 cells to differentiate. This differentiation process was
accompanied by the accumulations of lipid droplets and
intracellular vacuoles. To investigate the possibility that PMA

Fig. 3. Examination of regulation of p53 protein expression by OM in down-regulates p53 expression in MCF-7 cells, MCF-7 cells
MCF-7, MDA-MB231, and H3477 cells. Cells cultured in 2% FBS IMDM
were treated with 50 ng/ml OM for the Indicated times, and the total cell were treated with 100 ng/ml PMA for different time periods,
lysate was Isolated and analyzed for p53 protein by Western blot. A, total and p53 protein expression was examined by Western blot.
cell lysate of samples from MCF-7; B, total cell lysate of samples from
MDA-MB231; C, total cell lysate of samples from H3477. The relative p53 Fig. 4 showed that the incubation of MCF-7 cells with PMA
protein levels were determined by densitometric analysis of the immuno- for 1 day lowered the steady level of p53 protein to 42% of
blot and normalized to the signal of ,3-actin. that seen in control cells, and the p53 protein level remained

at that low level at longer time points. Compared with the
p53 expression independent of the growth status of the cells, kinetics of OM action on p53 protein expression, the inhib-
However, these studies cannot rule out completely the pos- itory effect of PMA seemed to be faster than OM in MCF-7
sibility that the growth arrest induced by OM contributes cells. Similarly, the PMA-induced morphological changes of
partially to the decreased expression of p53. MCF-7 cells were observed after 1 day of treatment, but the

To determine whether the inhibitory effect of OM on p53 is OM-induced morphological changes were not apparent until
limited to the H3922 cell line or is a common response of after 3-4 days (data not shown). Nevertheless, the common
breast cancer cells to OM, the effect of OM on p53 protein effects of OM and PMA on cell differentiation and p53 ex-
expression was examined in two other OM-inhibited breast pression suggest that p53 expression in breast cancer cells
cancer cell lines, MCF-7 and MDA-MB231. As shown in Fig. is down-regulated during the process of cell differentiation.
3A, the p53 protein level in MCF-7 cells was decreased to Because the regulation of p53 protein expression has been
84% of control after 1 day of OM treatment, reaching a shown to occur at levels of translation and transcription, the
lowest level of 33% of control after 6 days. The parallel effect of OM on p53 mRNA expression was examined by
experiment of counting the cell number showed that treating Northern blot analysis. H3922 cells were treated With OM for
MCF-7 cells with OM for 6 days reduced the number of viable different periods of times, and total RNA was isolated. Fig. 5
cells to 42.3% of control. Comparing the treated cells with shows that the level of p53 mRNA, after normalization to
untreated cells, we did not observe a significant increase in GAPDH, was decreased to 60% of control after 9 h of OM
the number of dying cells in OM-treated MCF-7 cells. Similar treatment, was further lowered to 25% of control in cells
to MCF-7 and H3922 cells, the p53 protein expression in treated with OM for 24 h, and the mRNA level remained
MDA-MB231 cells was also down-regulated by OM. In corn- constant at longer time points. These results indicate that the
parison with the control cells, the level of p53 protein in effects of OM on p53 mRNA and p53 protein expression are
OM-treated cells decreased 30% after 1 day and 56% after essentially correlated with regard to the kinetics and the
2 days (Fig. 3B). These data demonstrate that decreased p53 degree of suppression.
protein expression is associated with the growth inhibition To further study the regulatory mechanism, nuclear run-on
exerted by OM on breast cancer cells, assays were conducted to measure the relative rate of tran-

To ensure that the observed effect of OM on p53 protein scription of p53. Nuclei were prepared from control H3922
expression is a receptor-mediated event, we examined the cells and H3922 cells treated with OM for 24 h, and tran-
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OM (hour): 0 2.5 9 24 48 72 AC OM24h
p53- p53

GAPDHGAPDH-GAPDH - p53/GAPDH: 0.54 0.11

Fig. 5. Kinetics of p53 mRNA expression in H3922 cells treated with OM.
H3922 cells cultured in IMDM containing 2% FBS were incubated with 50 300
ng/ml OM for different times as indicated. Untreated control cells and
OM-treated cells were lysed simultaneously at the end of the treatment
with the RNA isolation solution. Total RNA was isolated and 15 ug per
sample was analyzed forp53 mRNA by Northern blot. The membrane was
stripped and hybridized to a human GAPDH probe. The figure shown is a 250

representative of three different experiments.

0
o 200

scription was allowed to continue in the presence of "
[32P-]UTP for 30 min. The incorporation of 32p into p53- 0-0

specific RNA was used as a measure of transcription rate. -- 150 N Control
Z> MlOM 48h

The transcription rate for GAPDH was also measured as an U 4
internal control. OM-treated cells contained only approx- 6

imately 20% as many active p53 transcripts as observed in
control cells (Fig. 6A). Data were normalized by the signals
detected in GAPDH slots. The effect of OM on p53 tran- .5
scription was further studied by analyzing p53 promoter -J
activity. A human p53 promoter reporter construct, pGL3- 50

p53LUC, and a human LDL receptor promoter reporter
construct, pLDLR234LUC, were transiently transfected
into H3922 cells, and the luciferase activities were meas- 0

ured. As shown in Fig. 6B, OM treatment decreased p53 pLDLR234Luc pGL3-p53Luc

promoter activity to approximately 30% of control. In con-trast, in the same experiment, the promoter activity of the Fig. 6. OM down-regulates p53 gene transcription. A, nuclear run-on
analysis of p53 transcription: two slots were blotted onto each of two

LDL receptor was increased 2.5-fold, which is consistent nylon membrane strips. One slot received 3 jg of the 2-kb fragment of the

with the stimulatory effect of OM on this promoter re- p53 cDNA. The second slot was loaded with 5 1Lg of the GAPDH plasmid.
One nylon strip was hybridized to a 

3 2
P-radiolabeled nuclear run-on

ported in other cell lines (21). These results obtained from reaction prepared from 24-h OM-treated H3922 cells. The second was
the studies of nuclear run-on and promoter activity sug- hybridized to a labeled nuclear run-on reaction prepared from untreated

gest that transcriptional regulation is a major component control cells. Equal amounts of radioactivity were used in each hybridiza-
tion. Radioactive signals were detected by autoradiography and quanti-

of the observed OM-mediated suppression of p53 mRNA fled by densitometric analysis. The figure shown is representative of two

expression. different experiments. B, analysis of human p53 promoter activity: H3922

It has been proposed that the p53 gene is a target of the cells were transfected with the pGL3-p53LUC and pLDLR234LUC. After
transfection, cells were cultured in media minus or plus OM for 48 h.

proto-oncogene c-myc. The c-Myc protein regulates the Assays of luciferase activity were conducted as described (21), The data

transcription of p53 through the c-Myc-responsive element (mean ± SE) shown are representative of three separate experiments in

present in the promoter region of the p53 gene (22). We which triplicate wells were assayed.

investigated the possibility that OM-mediated suppression of
p53 transcription was due to an effect on c-Myc-mediated
transcription. Northern blot analysis was used to examine the H3922 cells showed that the level of c-Myc protein did not
levels of c-myc mRNA and p53 mRNA in total RNAs isolated decrease until after 2 days of OM treatment (data not shown).
from H3922 cells untreated or treated with OM for different The decrease in p53 mRNA was maximal at 24 h in H3922
periods of time. Fig. 7 shows that transcription of the c-myc cells. These results suggest that either c-Myc is not involved
mRNA and the p53 mRNA were not concurrently regulated in the regulation of p53 by OM or it is not the major tran-
by OM. The c-myc mRNA was increased more than 3-fold by scriptional regulator. Other transcription factors could be
OM after 30 min and slowly decreased afterward. The sup- involved in addition to c-Myc for the OM-induced down-
pression of c-myc transcription was not seen until 24 h after regulation of p53.
OM treatment. In contrast, the p53 mRNA level was steadily Two major signaling pathways can be activated by OM
decreased during OM treatment. The biphasic effect of OM and its related cytokines IL-6 and LIF: (a) the Janus family
on c-myc mRNA was not seen. A similar result was obtained tyrosine kinase/signal transducer and activator of tran-
from MDA-MB231 cells. Furthermore, Western blot to exam- scription pathway (23); and (b) the Ras-MAP kinase path-
ine the c-Myc protein level in untreated and OM-treated way (21, 24-26). In OM-treated breast cancer cells, both
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SAf i& Fig. 8. The dose-dependent effects of MVEK Inhibitor PD98059 on OM

G reulaionof 53 roten epresio. H922cells were treated with OM forAP H" 2 days in the absence or the presence of the indicated concentrations of
PD98059. Total lysate was harvested and analyzed for p53 protein by
Western blot. The membrane was stripped and reprobed with anti-p3-actin
monoclonal antibody. The normalized p53 protein levels expressed as %

4.0 of control were determined by densitometric analysis of the immunoblot.

Discussion
3.0 Previous studies have established a differentiative role of OM

Sin breast cancer cells (13-16). The general effects of OM on
,2.5 p53/GAPDH breast cancer cells include: (a) inhibition of cellular prolifer-S• IIc-rnycffGAPDH

U<A ation in monolayer culture and inhibition of colony formation
"2.0 in soft agar; (b) regulation of the cell cycle by increasing the0

ILL proportion of cells in Go-G1 phase with a concomitant de-
crease in the number of cells in S phase; and (c) induction of
a variety of morphological changes associated with the dif-
ferentiated phenotype. These effects are believed to be me-
diated through the OM-specific receptor that consists of
gp130 as a low-affinity ligand-binding subunit and OSMRP3

.0 as the signal-transducing subunit (13, 19). In this study, we
Control OMO.Sh OM2h OM8h OM24h OM48h demonstrated that OM also down-regulates p53 expression

in breast cancer cells.
Fig. 7. OM regulates the mRNA expressions of p53 and c-myc with The effect of OM on p53 protein expression was initially
different kinetics. H3922 cells were incubated with 50 ng/ml OM for
different times as indicated. Total RNA was isolated and 15 gg per sample examined in four breast cancer cell lines, among which 3 cell
were analyzed for p53 mRNA, c-myc mRNA, and GAPDH mRNA by lines-H3922, MCF-7, and MDA-MB231-were growth-
Northern blot. The radioactive signals were detected and quantitated by a inhibited by OM. The cell line H3477 does not respond to OM
Phosphorlmager. The figure shown (A) is representative of two different
Northern blots. B, the normalized c-myc and p53 mRNA levels (% of treatment because of its lack of expression of the signal-
control). transducing subunit (OSMR/3) of the OM-specific receptor.

The incubation of cells with OM decreased the level of p53
protein in all three of the OM-responsive cell lines, with the

STAT3 and MAP kinases ERK1 and ERK2 were activated most dramatic effect found in H3922 cells. The expression of
(27). To investigate whether the MAP kinase pathway is p53 protein in H3477 cells was not inhibited at all by OM. The
involved in the OM-mediated suppression of p53, H3922 decrease in p53 protein was detected after 9 h of OM treat-
cells were incubated with OM for 2 days in the presence of ment and reached the lowest levels (10-20% of control in
different concentrations of PD98059, which specifically H3922 and 30-40% of control in MCF-7 and MDA-MB231)
blocks ERK activation by inhibiting the enzymatic activity after 3-4 days. The extent of the suppression of p53 expres-
of the ERK upstream kinase, MEK (28). Incubation of cells sion in different cell lines seems to correlate with the expres-
with PD98059 alone, in up to a 30-tMconcentration, did sion level of OSMR/3, inasmuch as a previous study (19)
not change the levels of p53 protein (data not shown); using quantitative reverse transcription-PCR showed that
however, the OM-mediated suppression of p53 protein H3922 cells express the highest mRNA level of OSMR/3 as
expression was partially (maximal 50-60%) inhibited by compared with that detected in other cell lines.
PD98059 in a dose-dependent manner (Fig. 8). These Northern blot analysis to examine p53 mRNA expression in
results suggest that the suppression of p53 expression is control and OM-treated cells demonstrated that OM down-
a downstream event of the activation of MAP kinase path- regulated p53 mRNA expression to a degree similar to that
way by OM in breast cancer cells. The fact that the OM- observed in the levels of p53 protein in these cells. The
inhibitory activity could not be completely reversed by decreased mRNA expression was due to a direct inhibition of
PD98059 at concentrations that effectively inhibited ERK transcription of the p53 gene by OM as demonstrated by
activation (21, 29) suggests that there are other signaling nuclear run-on analysis. Collectively, these data establish
pathways, such as the STAT pathway, that may be that OM down-regulates the transcription of the p53 gene in
involved. breast cancer cells, with a resulting decrease in p53 protein
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level. The inhibitory effect of OM on p53 promoter activity Co. (St. Louis, MO). The MEK inhibitor PD98059 was purchased from New

suggests that an OM-responsive element(s) is present in the England Biolabs (Beverly, MA). The antibodies against p53 and c-Myc

promoter region of the p53 gene. Interactions of this putative were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Western Blot Analysis of p53 Protein. Cells were cultured in 60-mm

cis-acting element with an OM-inducible transcription factor culture plates in 2% FBS IMDM with or without OM. Cells were rinsed with

may be responsible for the suppression of p53 transcription, cold PBS and lysed with 0.25 ml of lysis buffer [50 mm Tris (pH 7.4), 1%

The nature of this interaction has not been characterized in NP40, 0.25% sodium deoxycholate, 150 mM NaCI, 1 mM EGTA, 1 mM

the present study; however, the fact that the MEK inhibitor phenylmethylsulfonyl fluoride, 1 mm NaF, 5 p/g/ml aprotinin, 1 Ag/ml
leupeptin, 1.25 /g/ml pepstatin, 1 mm Na3VO 4, 10 AM okadaic acid, and

PD98059 partially prevented the OM-inhibitory effect on p53 10 pIM cypermethrin]. Concentration of soluble protein from total cell

expression suggests that a substrate of ERK may be directly lysate was determined using BCA reagent with BSA as a standard

or indirectly involved in the OM-elicited signaling pathway (Pierce). Approximately 10-50 Ag of protein of total cell lysate per sample

that mediates this regulation. was separated on 10% SDS PAGE, transferred to PVDF membrane,

It has been proposed that p53 is a target gene of c-Myc. blotted with anti-p53 monoclonal antibody (DO-1, Santa Cruz Biotech-
IThae been proteinowasreported thatop5isa tar tgone th c , nology) using an enhanced chemiluminescence (ECL) detection system

The c-Myc protein was reported to transactivate the p53 (Amersham). Membranes were stripped and reblotted with anti-P3-actin
promoter through the c-Myc-responsive element, E box monoclonal antibody to ensure that an equal amount of protein is loaded

(CATGTG) (22). Because OM has been shown to regulate on gel. The signals were quantitated with a Bio-Rad Fluro-S Multilmager

c-myc gene transcription in breast cancer cells and in M1 system. Densitometric analysis of autoradiographs in these studies in-
cluded various exposure times to ensure linearity of signals.

leukemia cells, one potential mechanism of OM suppression RNA Isolation and Northern Blot Analysis. Cells were lysed in Ui-

of p53 transcription would be suppression of c-myc tran- traspec RNA lysis solution (Biotecx Laboratory, Houston, TX), and total

scription. However, the kinetics of the OM-induced down- cellular RNA was isolated according to the vendor's protocol. Approxi-

regulation of p53 were different from the kinetics of the mately 15 Ag of each total RNA sample were used in Northern blot
OM-induced down-regulation of the c-myc gene in these analysis as described previously. The p53 mRNA was detected with a

2-kb 32
P-labeled human p53 cDNA probe, the c-myc mRNA was detected

cells. The c-myc mRNA was transiently induced by OM with a 1.4-kb probe containing c-myc exons 2 and 3, and the GAPDH

within 0.5-8 h and was subsequently suppressed at later mRNA was detected with a plasmid containing a human GAPDH cDNA.

time points. The maximal suppression occurred after 2-3 Differences in hybridization signals of Northern blots were quantitated by

days of OM treatment (Fig. 7; Refs. 13, 14). In contrast, p53 a Phosphorlmager.
Nuclear Run-On Analysis. Reaction was performed with the method

mRNA was not induced by OM at any time point examined, described previously (14). Briefly, the nuclei were harvested from H3922
Instead, it was gradually decreased during the period of OM cells that were untreated or treated with 50 ng/ml OM for 24 h. Approx-

treatment. A significant decrease in p53 mRNA level was imately 2 x 107 nuclei in 100 /l were mixed with 100 Al of 2x reaction

observed after 8 h of OM treatment. This difference in kinet- buffer containing 250 uICi [P2P]rUTP. Approximately 2.0 X 106 cpm of
each nuclear run-on reaction was used as a probe to hybridize a Hybond
N membrane (Amersham) slot blot. Each slot blot contained 5 Mig of

suggests that the effect of OM on p53 transcription is not a GAPDH plasmid and 3 M•g of the 2-kb fragment of the p53 cDNA as

direct effect of OM on c-myc transcription alone. Additional described in the Northern blot analysis. Probing the GAPDH plasmid

studies to identify the cis-acting element in the p53 promoter allowed normalization of the p53 signals measured by densitometry.

that is responsible for the OM-mediated suppression of p53 Transient Transfection Assays. The p53 promoter luciferase-
reporter construct p53ExlaLUC was generously provided by Dr. Peter

transcription will clarify the relationship between p53 tran- Gruss at the Max-Planck-lnstitute (G6ttingen, Germany). For construction

scription and c-myc transcription in breast cancer cells. of pGL3-p53LUC, the 550-bp insert containing the human p53 promoter

The p53 tumor suppressor protein is involved in several region and Exon 1 (31) was released from p53Exl aLUC by Kpnl and Bglll

central cellular processes that are critical for maintaining digestion and subcloned into pGL3-basic digested with Kpnl and BgIll.

cellular homeostasis, including gene transcription, DNA re- The plasmid vector pLDLR234LUC has been described previously (21).
H3922 cells, seeded in 12-well tissue culture plates, were transiently

pair, cell cycling, senescence, and apoptosis (18, 30). Com- transfected with plasmid DNAs pGL3-p53LUC and pLDLR234LUC by the

pared with the vast information and knowledge available method of calcium phosphate coprecipitation. Fifteen h after transfection,

regarding the role of p53 protein in apoptosis, the function of OM (50 ng/mi) was added. After a 48-h treatment, cells were lysed. Equal

p53 in cell differentiation is not well understood. This study is amounts of cell lysate from each well were used for measuring luciferase
activity. The data (mean ± SE) shown are representative of three separate

the first report to show that p53 expression is down-regu- experiments in which triplicate wells were assayed (Fig. 6).
lated in growth-inhibited and -differentiated breast cancer
cells through a transcriptional mechanism. Additional studies
to examine the functional role of p53 in the differentiation of Acknowledgments

breast cancer cells will be needed for a better understanding We thank Jessy Dorn for her technical assistance in Western blot analysis

of the complexity of p53 functions that are essential for of p53.

maintaining cell homeostasis.
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Cytokine oncostatin M (OM) exerts growth-inhibitory Keywords: p53 tumor suppressor gene; transcriptional
and differentiative effects on breast cancer cells. regulation; oncostatin M
Previously we showed that the transcription from the
p53 gene in breast cancer cells was down regulated by
OM. To elucidate the molecular mechanisms underlying Introduction
the OM effect on p53 transcription, in this study, we
dissected the p53 promoter region and analysed the p53 The p53 tumor suppressor protein is involved in several
promoter activity in breast tumor cells. We showed that central cellular processes that are critical for maintain-
treatment of MCF-7 cells with OM induced a dose- and ing cellular homeostasis, including gene transcription
time-dependent suppression of p53 promoter activity. (Nakano et al., 2000; Xu et al., 2000), DNA repair
The p53 promoter activity was decreased to 35% of (Kao et al., 2000; Zhu et al., 2000), cell cycling (Jeffy et
control at 24 h and further decreased to 20% at 48 h al., 2000; Hirose et al., 2001), senescence (Peeper et al.,
by OM at concentrations of 5 ng/ml and higher. 2001; Seluanov et al., 2001), and apoptosis (Uberti and
Deletion of the 5'-flanking region of the p53 promoter Grilli, 2000; Zeng et al., 2000). Compared to the vast
from -426 to -97 did not affect the OM effect. information and knowledge available regarding the
However, further deletion to -40 completely abolished regulation of p53 protein expression and function
the repressive effect of OM. The p53 promoter region (Wang and Friedman, 2000; Ito et al., 2001; Wang et
-96 to -41 contains NF-cB and c-myc binding sites, al., 2001), there is only a small amount of literature on
and a newly identified UV-inducible element PE21. transcriptional regulation of the p53 gene (Balint and
Mutations to disrupt NF-KB binding or c-myc binding Reisman, 1996; Benoit et al., 2000; Mokdad-Gargouri
to the p53 promoter decreased the basal promoter et al., 2001). However, control of p53 gene expression
activity without affecting the OM-mediated suppression, at the transcriptional level has been shown to play
whereas mutation at the PE21 motif totally abolished important roles in mitogenic stimulation or factor
the OM effect. We further demonstrated that insertion induced differentiation (Reich and Levine, 1984; Soini
of PE21 element upstream of the thymidine kinase et al., 1992;). Moreover, the deregulated transcription
minimal promoter generated an OM response analogous of p53 accounts for at least in part, the elevated
to that of the p53 promoter. Finally, we detected the expression of mutant p53 in tumor cells (Balint and
specific binding of a nuclear protein with a molecular Reisman, 1996).
mass of 87 kDa to the PE21 motif. Taken together, we Since cloning of the human p53 promoter in 1989
demonstrate that OM inhibits the transcription of the (Tuck and Craword, 1989), several transcription
p53 gene through the PE21 element. Thus, the PE21 factors have been identified that interact with specific
element is functionally involved in p53 transcription regions of the p53 promoter to positively or negatively
regulated by UV-induction and OM suppression. regulate transcription. The transcription factors shown
Oncogene (2001) 20, 8193-8202. to positively regulate p53 transcription include c-myc

(Kirch et al., 1999; Lee and Rho, 2000), NF-KB (Pei et
al., 1999; Benoit et al., 2000), YY1/NF1 (Lee et al.,
1998, 1999; Nayak and Das, 1999), Apl (Kirch et al.,
1999), and the HoxA5 homeobox containing gene
product (Raman et al., 2000). Members of the PAX

*Correspondence: J Liu, VA Palo Alto Health Care System, 3801 family are the only mammalian nuclear proteins shown
Miranda Avenue, Palo Alto, California, CA 94304, USA; to repress p53 transcription through a binding site
E-mail: Jingwen.Liu@med.va.gov
Received 13 June 2001; revised 19 September 2001; accepted 9 present in the first non-coding exon (Stuart et al.,
October 2001 1995).
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Recently, a novel 21 bp motif, named the PE21 is responsible for OM-induced suppression of p53

element, was identified in the human p53 promoter that transcription. Mutation of PE21 in the context of the
is located immediately upsteam of the NF-KB binding p53 promoter completely abolished the inhibitory
site (Noda et al., 2000). It was shown that the PE21 activity of OM on p53 transcription. By contrast,
element covering the region of -79 to -59 is a insertion of the PE21 motif into an OM-unresponsive
primary determinant for the basal transcription of the TK promoter created a phenomenon of transcriptional
p53 gene and the sequence required for UV-induced suppression, resembling the p53 promoter.
transcription in human fibroblasts. Mutations within
this region drastically reduced the basal promoter
activity and abolished the UV-induction. Interestingly, Results
this 21 bp motif appears to have a function in
initiation of transcription in a bi-directional manner. Deletion analysis to define the regulatory sequencesInsertion of multiple copies of PE2l in the sense oransertisense orie tiplecopieon ino an p terhessuferse o involved in the basal transcriptional activity of the p53,antisense orientiation into a promoterless luciferase p o oe nb es u o el
reporter pGL2-basic initiated the transcription of the promoter in breast tumor cells
luciferase gene and generated an UV-inducible re- The regulatory sequences that control p53 transcription
sponse as well. It remains to be elucidated whether the in breast tumor cells have not been clearly defined,
PE21 element has a functional role in p53 transcription although a number of studies had examined p53
regulated by cellular factors or other extracellular promoter activity in other cell types. Thus, initially in
stimuli. Furthermore, the PE21 binding proteins need the present study, we generated a series of reporter
to be identified and characterized. constructs in which luciferase gene is driven by varying

Oncostatin M (OM), a 28 kDa glycoprotein, is a lengths of the 5'-flanking region of the p53 gene. These
cytokine produced by activated T lymphocytes and constructs were tested for activity in MCF-7 cells. A
macrophages (Zarling et al., 1986). Previous studies diagram of the deletion constructs is shown in" Figure
showed that OM inhibits the growth of several breast 1. Figure 2a compared the basal promoter activity of
cancer cell lines, including MCF-7, MDA-MB231, and the deletion constructs with the activity of the full
H3922, which is a cell line derived from an infiltrating promoter construct pGL3-p53Luc that contains a
ductal carcinoma (Horn et al., 1990; Douglas et al., 599 bp fragment of the p53 promoter (-426 to+ 172)
1997, 1998; Liu et al., 1997; Spence et al., 1997). Breast (Liu et al., 1999). These results, representing 6-8
cancer cells respond to OM treatment with reduced separate transfections, showed that deletion of the 5'-
growth rates and the appearance of differentiated flanking region from -426 to - 177 did not affect the
phenotypes. However, OM treatment does not appear p53 promoter activity, whereas deletion down to -97
to lead to apoptosis. Since the p53 tumor suppressor (5' Del-4) significantly lowered the basal activity to
protein plays important roles in cellular proliferation approximately 40% of the full promoter. Further
and differentiation, we examined the effects of OM on deletion to -41 (5' Del-5) to eliminate the binding
p53 expression in breast cancer cells. Surprisingly, we sites for NF-cB and c-myc drastically reduced the basal
found that p53 expression was down regulated by OM promoter activity to a level below 5% of the full
in MCF-7, MDA-MB231, and H3922 cells (Liu et al., promoter. These data suggest that the transcription
1999). Decreased levels of p53 protein and mRNA factors NF-KB and c-myc play critical roles in the basal
were detected after I day of OM treatment and reached transcriptional activity of the p53 gene in breast tumor
maximal suppression of 10-20% of control after 3 cells, however, the promoter region covering - 176 to
days in H3922 cells. Nuclear run-on assays further -97 may contain a regulatory sequence that is
demonstrated that OM decreased the number of responsible for the maximal basal transcriptional
actively transcribed p53 mRNA. These studies suggest activity of the p53 gene in MCF-7 cells.
that OM may repress p53 gene transcription. The effect The p53 promoter region from - 176 to -97
of OM on p53 transcription appears to precede its contains a stretch of CT rich sequence
effects on cell growth inhibition and induction of (CCCTCCTCCCC - 174 to - 164), a potential
morphological changes, as the retardation of cell binding site for the transcription factor Spl. To
growth by OM as measured by [3H]-thymidine determine whether SpI interacts with this sequence,
incorporation could be detected after 2 days but a electrophoretic mobility shift assay (EMSA) was
decrease in the level of p53 mRNA could be detected conducted with the nuclear extract isolated from
as early as 6-8 h. MCF-7 cells and a 32P-labeled double-stranded

In order to delineate the molecular mechanisms by oligonucleotide, p53-Spl, corresponding to the pro-
which OM regulates p53 transcription and to under- moter region -183 to -154. Upon incubation of
stand the relationship between p53 expression and p53-Spl with nuclear extract, two DNA-protein
proliferation and differentiation of breast cancer cells, complexes were detected (Figure 2b, lane 1).
in this study we dissected the p53 promoter region to Formation of these complexes was inhibited by
identify the cis-acting element that mediates the OM competition with a 100-fold molar excess of the
effect in MCF-7 cells. Our results demonstrate that the unlabeled probe p53-Spl (lane 2), but was not
effect of OM is not mediated through the known inhibited by the oligonucleotide p53-mSpl that
repressor PAX binding site. Instead the PE21 element contains mutations within the CT-stretch (lane 3).
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HindllI Spl PE21 ..kB C eT Exon I Intron 1 T

Spi E4, pGL3-p53Luc

PAX

-329 • 5' Del-i (-329/+172)

.263 5' Del-2 (-263/+172)

-176 j | - 5' Del-3 (-1761+172)

-61 5' Del-4 (-96V+172)

-62 - 5' Del-4b (-61/+172)

-40 - 5' Del-5 (-40/+172)

Figure 1 Schematic representation of p53 promoter luciferase reporter plasmid. A 599 bp fragment of the p53 gene covering -426
to + 172 was inserted into 5' KpnI and 3' BglII sites of the promoter-less luciferase reporter pGL3-basic. The 5' deletion fragments
of the p53 promoter were synthesized by PCR using pGL3-p53Luc as the template. The p53 promoter fragments were inserted into
5' SacI and 3' Xhol sites of pGL3-basic. The most 3' end of the major transcription initiation site for the human p53 gene is defined
as + i and the locations of the 5' ends of the promoters are indicated by the negative numbers of nucleotides relative to the
transcription start site

The faster moving complex was supershifted by the suppressive effect of OM on p53 promoter activity
anti-Sp3 antibody (lane 5), whereas the slower was detected at 0.1 ng/ml, and a maximal suppression
moving complex was partially supershifted by the of 75-80% of p53 promoter activity was observed at
anti-Spi antibody (lane 4). Inclusion of anti-SpI and 5 ng/ml. The inhibitory effect of OM on p53
anti-Sp3 antibodies together in the reaction mixture transcription was also time-dependent. The p53
completely supershifted both complexes (lane 6). promoter activity was decreased to 67% of control
These data demonstrate that transcription factors by 8 h, lowered to 35% by 24 h, and further declined
Spl and Sp3 bind to this CT-rich region of the p53 to 20% of control by 48 h after treating cells with a
promoter. saturable concentration of OM. These results clearly

To determine the function of Spl/Sp3 in mediating demonstrate that OM represses p53 promoter activity
the p53 basal promoter activity, the SpI site in in a dose-dependent and a time-dependent manner
p53Luc was mutated (CCCTCCTCCCC to that is directly correlated with the effects of OM on
CGCTCGTCGCC) and the mutated reporter p53 mRNA expression, as we previously reported
p53Luc-mSpl along with the wild type vector (Liu et al., 1999).
p53Luc were transfected into MCF-7 cells. Figure The biological functions of OM can be mediated
2c shows that mutation of this Spl site lowered the through two types of receptor complexes, the leukemia
p53 promoter activity by approximately 50%, thereby inhibitory factor (LIF)/OM shared receptor (type I)
suggesting that loss of the Spl/Sp3 binding to the and the OM-specific receptor (type II). Previous studies
CT-rich region is primarily responsible for the have shown that MCF-7 cells express both the type I
diminished basal promoter activity of the deletion and the type II receptors of OM (Estrov et al., 1995).
mutant 5' Del-4. These results together demonstrate To determine which receptor complex mediates the
that Spl and Sp3 are positive trans-activators of p53 effect of OM on p53 transcription, we compared the
transcription and that their binding to the CT rich effect of OM with that of LIF on p53 promoter
sequence contributes to the basal transcriptional activity. As shown in Figure 4, in contrast to the strong
activity of the p53 gene. inhibitory effect of OM, LIF at saturable concentra-

tions (50 and 100 ng/ml) had no effect at all on the

Dose-dependent and time-dependent responses of p5 3  activity of p53 promoter p53Luc, thereby implying that
nto OM OM regulates the transcription of the p53 gene mainly

transcription tthrough the type II OM-specific receptor not the OM/

Next, the effect of OM on p53 promoter activity in LIF shared receptor type I complex.
MCF-7 cells was examined. The full promoter
construct p53Luc was transiently transfected into
MCF-7 cells along with the renilla luciferase Diss onsof thep pom
expression vector pRL-TK. After transfection, cells OM-responsive region
were untreated or treated with OM at different To define the OM-responsive region in the p53
concentrations for 48 h. Figure 3a shows that the promoter, the 5' and 3' deletion constructs of the p53
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Figure 3 OM down-regulates p53 promoter activity in a dose-
S120 dependent and a time-dependent manner. MCF-7 cells were

trpnsfected with p53Luc along with the vector pRL-TK. (a) After
1 100 f.addition of DNA into the medium, OM dilution buffer or OM at

different concentrations were added to the cells and cells were
harvested 40 h later. (b) After addition of DNA into the medium,

60 OM at a saturable concentration (50 ng/ml) was added to the
cells at different times and cells were harvested together after 48 h

S40 of transfection. The normalized luciferase activity of transfectedcells that were untreated is expressed as 100%. The data

20 (mean+s.d.) shown are representative of three independent
transfection experiments in which triplicate wells were transfectedZ 0 for each condition

p53Luc p53LucemSp1

Figure 2 P53 promoter deletion and mutation analysis to define promoter were transfected into MCF-7 cells. Then the
functional regulatory sequences that control the basal promoter
activity of the p53 gene. (a) Deletion analysis: p53Luc and 5' transfected cells were untreated or treated with OM for
deletion constructs containing various lengths of the promoter 40 h prior to cell lysis. The results of 6-8 transfection
were transfected into MCF-7 cells along with the vector pRL-TK. assays using 5' deletion constructs are summarized in
Cell lysate was harvested 40 h after transfection. The normalized Figure 5. These results showed that deletion of the 5'-
luciferase activity of p53Luc is expressed as 100%. The data flanking region from -426 to -97 did not affect the
(mean+s.d.) shown are derived from 6-8 separate transfection *-4n
experiments in which triplicate wells were assayed. (b) EMSA: A OM response. In-,ontrast, further deletion to -41 (5'
double stranded olikonucleotide corresponding to the p53 Del-5) eliminatedi the OM effect. These data suggest
promoter region -183 to -154, designated as p53-Spl, was that the promoter' region covering -96 to -40 is not
radiolabeled and incubated with 10 pg of nuclear extract prepared only important for the basal transcriptional activity as
from MCF-7 cell in the absence (lane 1) or in the presence of 100-
fold molar unlabeled competitors (lanes 2, 3), or in the presence shown in Figure 3a but it may also contain the critical
of antibodies (lanes 4-6). The reaction mixture was loaded onto OM-responsive element. Furthermore, shortening of
a 6% polyacrylamide gel and run in TGE buffer at 30 mA for the 3' region froma + 172 to + 14 to delete the PAX
2.5 h at 4'C. (q) Mutation analysis: p53Luc-wt and p53Luc-mSpl binding site had np effect on OM-mediated suppression
were transiently transfected into MCF-7 along with the vector o t
pRL-TK. The normalized luciferase activity of p53Luc-wt is or the basal prorpoter activity, thereby excluding the
expressed as 100%. The p53Luc-mSpl. exhibited 54.1% activity involvement of the repressor PAX in OM-mediated
compared with p53Luc-wt down regulation df p53 transcription (data not shown).
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6000____________________________8197.
000 eoodually. Figure 6 shows that mutation of the c-myc site

lowered the basal promoter activity 75% without
5000 affecting the OM effect. Likewise, mutation of the

NF-cB binding site decreased the basal promoter
activity 85% with little effect on OM. By contrast,

4000 mutation at the PE21 element drastically reduced the
basal promoter activity and rendered the p53 promoter

0 'unresponsive to OM. To confirm this finding, the PE21
.00 element was mutated in the vector 5' Del-4 that

contains the minimal sequence for the basal transcrip-
2000 tion and the OM-mediated suppression. Again, the

0, OM inhibitory effect was not observed in the PE21mutant in the context of this short promoter fragment.
1000 Similarly, the suppressive effect of OM was not seen on

the plasmid 5' Del-4b in which the PE21 element was
0 deleted.

C OM (SO ng/mi) UF (SO ng/ml) UF (100 ng/mi) Next, we were interested in determining whether OM
could exert its effect on PE21 in the context of a

Figure 4 Comparison of inhibitory effect of OM and LIF on heterologous promoter that contains the PE21 element
p53 promoter activity. MCF-7 cells were transfected with p53Luc without auxiliary sequences of p53 promoter. To test
along with the vector pRL-TK. After addition of DNA into the
medium, OM or LIF at indicated concentrations were added to this, luciferase reporters containing different copies of
the cells and cells were harvested. 40 h later PE21 in tandem inserted 5' upstream of a minimal

HSV tk promoter (pTKLuc) in either sense, pTKLuc-
PE21 (S), or antisense, pTKLuc-PE21 (As) orientations
were transfected into MCF-7 cells. The plasmid

100 pTKLuc produced low but measurable luciferase
100I activity in MCF-7 cells and OM treatment did not

-2 s0 lower the activity. Inclusion of the PE21 sequence in
0- either direction greatly increased luciferase activities

. Control from 20-400-fold of the pTKLuc. The fold increase of
6 OM 24h luciferase activity was correlated with the increase in

06 40 PE21 copy number in most cases and showed a
preference with the antisense orientation. Importantly,

20 in contrast to the vector pTKLuc, the reporters
containing the PE21 element clearly displayed re-

0 sponses to OM with luciferase activities reduced to
p53Luc S'D-1 WD.1-2 F a-3 5Th14 5De1-5 39 to 59% of control in the OM treated cells (Figure

Figure 5 The proximal region of the p53 promoter contains an 7), comparable to the OM effect observed in the native
OM-responsive element. P53Luc and 5' deletion constructs p53 promoter. Together, our results presented in
containing various lengths of the promoter were transfected into Figures 6 and 7 provide strong evidence that the
MCF-7 cells along with the vector pRL-TK. After transfection, PE21 element plays an important role in the basal
cells were incubated in the presence or absence of OM 50 ng/ml
for 24 h. The normalized luciferase activity of transfected cells transcription of the p53 gene and is also critically
that were untreated is expressed as 100%. The data (mean±s.e.) involved in the OM-induced transcriptional suppres-
shown were derived from 6-8 independent transfection assays. sion of the p53 gene in breast cancer cells.
Differences in normalized luciferase activities between untreated .

and OM treated samples were evaluated using two tailed
Student's t-test. A statistically significant difference (P<0.05) is Characieozation of nuclear proteins that interact with the
.indicated by an asterisk PE21 'element

To dete&t nuclear proteins in MCF-7 cells that

Localization of the OM-responsive sequence to the PE21 specifically interact with the PE21 sequence, EMSA
element was conducted with 32P-labeled oligonucleotide p53-ele n PE21 containing the PE21 and flanking sequence, and
The 5' deletion analysis localized the OM-responsive nuclear extracts prepared from untreated or OM 40 h-
sequence to the proximal region of the p53 promoter treated cells. Figure .8., shows that three specific
from -96 to -41. This region contains three complexes were detectbO in both control and OM-
important regulatory motifs including NF-cB, the E- treated nuclear extracts. The formation of these
box (c-myc), and the newly identified UV-inducible complexes was inhibited with 100-fold molar excess
PE21 element. To investigate the role of these of unlabeled probe (lanes 2, 7) but was not inhibited by
regulatory sequences in OM-mediated suppression, a 100-fold molar excess of an unrelated DNA contain-
site-directed mutagenesis was conducted on the full ing an estrogen response element (lanes 5, 10). An
promoter p53Luc to mutate each binding site indivi- oligonucleotide containing the NF-KB site of the p53
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Figure 6 Localization of the OM response to the PE21 element in the human p53 promoter. P53 promoter reporter wild type and
mutants were transfected into MCF-7 cells individually. After transfection, cells were incubated in the presence or absence of OM
(50 ng/ml) for 40 h. The data represent the results of 6-8 independent transfections. The normalized luciferase activity of each
vector was expressed as the per cent of luciferase activity of p53Luc wild type vector in untreated control cells. An asterisk sign
indicates that there is a statistically significant difference between the untreated control and the OM treated sample

5oo Control OM
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,400

-35 C

50 A --

ON Suppression pT~u S-2 S-3 S-5 S-S AS-4 A-S- AS-e B
(%ofcontrol): 100 Lanes: 1 2 3 4 5 6 7 8 9 10

pTKLuc-PE21 (S) pTKLuc-PE21 (As) Figure 8 EMSA analysis of nuclear proteins interacting with the
PE21 motif. A double stranded oligonucleotide, designated as

Figure 7 Effects of OM on heterologous promoter constructs p53-PE21, was radiolabeled and incubated with 10 lg of nuclear
containing the PE21 element. The pTKLuc-PE21 vectors were extracts prepared from untreated (lanes 1-5) or OM 40 h treated
constructed by insertion of sequences of the PE21 element in MCF-7 cell (lanes 6-10) in the absence (lanes 1, 6) or in the
tandem in sense (S) or antisense (As) orientation adjacent and presence of 100-fold molar unlabeled competitors. The reaction
upstream of the TATA box from the HSV tk promoter. The mixture was loaded onto a 6% polyacrylamide gel and run in
number indicates the number of repeat of the PE21 element in TGE buffer at 30 mA for 2.5 h at 4VC
each construct. These vectors were transiently transfected into
MCF-7 cells and examined for responses to OM treatment as
described in Figure 5. The data shown are representative of 34 the binding signals. Similar results were obtained with
separate transfections the nuclear extracts treated with OM for different length

of times including 6 and 24 h. These observations were
promoter competed for the binding of complex A but consistent with previous results of UV-induction. It was
not complexes B and C (lanes 4, 9). The binding of shown that the binding of nuclear proteins of fibroblasts
complex A was also competed by oligonucleotide p53- without or with UV-irradiation to the PE21 probe was
mPE21 that contains a 3 bp mutation within the PE21 not different (Noda et al., 2000).
sequence (lanes 3, 8). These data suggest that the Previous studies conducted in human fibroblasts did
complex A was formed at sequences that flank the not characterize the protein/DNA complex of the PE21
PE21 core element. Thus, the identity of complex A sequence. It is unknown whether a single DNA binding
was not further investigated in this study since the protein or multiple proteins interact with the PE21 motif.
emphasis of this study is on the PE21 core element. To characterize the MCF-7 nuclear proteins present in

Complexes B and C are PE21 specific as the the PE21 DNA complexes, EMSA with MCF-7 nuclear
oligonucleotide p53-mPE21 lost the ability to compete extract and the labeled PE21 probe was followed by UV
with the binding of these two complexes to the labeled cross-linking. Complex B was excised from the gel and
PE21 probe. Apparently OM treatment of 40 h did not the protein components were analysed by denaturing
altered the pattern of the complexes or the intensity of SDS-polyacrylamide gel electrophoresis (SDS- PAGE).
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Analysis of the SDS -PAGE revealed that one protein tional activity of the p53 promoter. The promoter
was crosslinked to the labeled PE21 probe (Figure 9). activity with the PE21 mutant was less than 5% of the
After correction for the bound oligonucleotide, the wild type promoter. The ability of PE21 in activation
molecular mass of the protein appeared to be 87 kDa. of gene transcription was further demonstrated by its
A similar procedure was used to characterize complex C, strong inducing effect on pTKLuc that contains a weak
but the UV-crosslinking experiments failed to detect any promoter composed a TATA box and one non-
proteins present in the complex C, probably due to the functional SpI site.
low abundance of the complex and low efficiency of the In this study we showed that mutations of the PE21
UV-crosslinking. element in the context of the full p53 promoter

(p53Luc) or in the context of the short promoter
fragment (5' Del-4) that retains 40% of the p53

Discussion promoter activity completely eliminated the inhibitory
effect of OM on p53 transcription. In contrast,

The PE21 element was originally discovered by mutations at other functional sites including NF-KB
searching for the sequence that was responsible for or c-myc did not abolish the OM inhibitory activity.
the UV-induced transcription of the p53 gene in human The critical role of the PE21 site in OM-mediated
fibroblasts (Noda et al., 2000). Intriguingly, in this repression of p53 transcription is further supported by
study, we found that the repressive effect of OM on the results of transfection with the pTKLuc-PE21
p53 transcription was also mediated through this reporters. OM had no effect on the promoter activity
regulatory element. Our studies further highlight the of pTKLuc. However, the promoter activities of
importance of the PE21 element in the control of p53  pTKLuc-PE21 in either the sense or antisense orienta-
gene transcription. tion were clearly suppressed by OM to levels

Our studies clearly demonstrate that the PE21 comparable to that observed in the p53 promoter.
element is a critical sequence that controls p53 These results suggest that the PE21 element is the
transcription in breast cancer cells, as mutation of this primary cis-acting sequence that mediates the OM-
sequence produced the severest impact on p53 induced transcriptional repression of the p53 gene.
promoter activity in MCF-7 cells as compared to We were able to detect two DNA-protein complexes
mutations on other functional sites such as NF-KB or formed with the PE21 sequence from MCF-7 cells.
the bHLH c-myc binding site. Mutations to disrupt the Complex B was relatively more abundant than complex
binding of NF-KB to its recognition sequence adjacent C. EMSA experiments followed by UV-cross linking
to PE21 lowered the basal promoter activity to 15% of and SDS-PAGE revealed that a nuclear protein with
the wild type promoter; mutation of the basic HLH a molecular mass around 87 kDa was present in
site to interfere the binding of c-myc reduced the basal complex B. Interestingly, in an effort to purify the
transcription by 75%. In contrast, alteration of 3 bp PE21 binding proteins, two proteins with molecular
within the PE21 motif nearly eliminated the transcrip- weights of 80 and 85 kDa were isolated from Molt 4

cells through PE21-sepharose affinity column. These
two proteins were shown to specifically bind to the
PE21 probe (Noda et al., unpublished data). It is
possible that the 87 kDa protein present in the complex

E B is identical or related to one of these two PE21
binding proteins. The relationship between complexes

kDa 3B and C is presently unknown. It is highly likely that
220m more than one nuclear protein binds to the PE21

sequence. Alternatively, the faster moving complex C9ý7.4 Al� 87 kDa may represent a degradation product of the protein in
66- complex B.

OM treatment did not alter the binding of nuclear
proteins to PE21; the same two complexes were
detected in the OM-treated sample as in the control.
This result is not totally surprising as the previous

4- Free Probe studies with UV-induction did not detect a different
binding pattern with the PE21 sequence and nuclear

Lanes: 1 2 extracts isolated from UV-irradiated and non

Figure 9 Denaturing SDS-polyacrylamide gel analysis of the UV irradiated fibroblasts (Noda et al., 2000). Our results

cross-linked complex B formed with MCF-7 control nuclear combined with the prior study suggest that regula-
extract and the PE21 probe. The positions of 14C-labeled tion of p53 transcription through the PE21 element
molecular mass markers are shown in lane 1, and the protein by OM is mediated by mechanisms other than direct
detected from complex B is shown in lane 2. After correction for alteration of the DNA binding activity of the PE21
the bound oligonucleotide, the molecular mass of the band is interacting proteins. It is possible that there are
87 kDa. A very faint signal, possibly caused by insoluble
materials, was seen in the interface of the stacking gel and the other cofactors associated with the PE21 binding
separating gel protein. OM treatment could interfere with this
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association. The inability to detect changes of DNA inhibitor PD98059 (Liu et al., 1999). Further studies to
binding activities of transcription factors to a identify and characterize the PE21 element binding
functional regulatory element by gel shift assays proteins will greatly facilitate the understanding of the
has been described in other promoter studies. For role of the PE21 site in the control of p53 transcription
example, the transcription of p21" I"" gene is and its connection to intracellular signaling in normal
activated by TGFfi, phobol esters, and histone cells as well as in tumor cells.
deacetylase inhibitors through a Sp1 site proximal
to the p21 promoter. However, none of these
activators altered the DNA binding activity of Spl Materials and methods
(Datto et al., 1995; Briggs et al., 1996; Nakano et Cells and reagent
al., 1997; Sowa et al., 1997; Huang et al., 2000).

Previous studies have defined the p53 promoter as a The human breast cancer cell line MCF-7 was obtained from
TATA-less and GC-rich less promoter, as the TATA- American Type Culture Collection (Manassas, VA, USA)

box and GC-rich sequence are not present in the and cultured in RPMI-1640 medium supplemented with 10%

proximal promoter region of the p53 gene (Tuck and heat inactivated fetal bovine serum (FBS). Human recombi-
nant OM and LIF were purchased from the R&D systemsCraword, 1989),.However, our studies with deletion (Minneapolis, MN, USA).

and mutation analysis identified a novel Spl/Sp3

binding site that covers the regions - 174 to - 165 of
the p53 promoter. This Spi binding site is expendable P53 promoter luciferase reporters

for OM-mediated suppression of p53 transcription but pGL3-p53Luc contains a 599 bp fragment of the human p53
is important for the basal transcriptional activity of promoter region and exon 1 (-426 to + 172) (Liu et al.,
p53 gene. Mutation or deletion of this CT-rich 1999). To construct 5' Del-1 (-329 to + 172), the pGL3-
sequence decreased p53 promoter activity by 50- p53Luc was digested with restriction enzyme HindIII. The

60%. The involvement of Spl/Sp3 in p53 transcription DNA fragment was isolated and subcloned into the HindIllI
site of pGL3-basic vector. Additional 5' and 3' deletion

is further demonstrated by our EMSA supershift assay constructs were made by PCR with pGL3-p53Luc as the
that clearly showed Spl and Sp 3 binding to this region. template. Table 1 describes the primer sequence of
Therefore, it is highly likely that Sp1 as a ubiquitously oligonucleotides utilized in the deletion and mutation
expressed transcription factor has a functional role in analysis, as well as in EMSAs.
p53 gene transcription.

In summary, our studies demonstrate that p53 Transient transfection and luciferase assay
transcription is down regulated by OM in growth-
inhibited and differentiated breast cancer cells. The MCF-7 cells were plated at a density of 80 000 cells/well in
PE21 element mediates this repressive effect. It is 24-well plates and incubated for 24 h. Cells were cotrans-
interesting to speculate that the activities of several fected with 90 ng of various p53 promoter reporter plasmids

different intracellular signal transduction pathways and 10 ng of a pRL-TK as a normalizing vector per well by
using Effectene transfection reagent (Qiagen). Transfected

converge at the PE21 element. The UV-induced cells were incubated with human recombinant OM at a
activation of p53 transcription is linked to a stress saturable concentration of 50 ng/ml or the OM dilution
signal. The OM-induced suppression likely involves the buffer (BSA 1 mg/ml in PBS) for 40 h prior to cell lysis.
MAP kinase ERK pathway, as we have found that the Luciferase activities were measured using the Promega Dual
effects of OM on p53 protein expression and on p53 Luciferase Assay System. All the measured fire fly luciferase
promoter activity can be partially blocked by the MEK activity of the plasmid constructs was divided by the renilla

Table 1 Sequences of p53 promoter specific primers. Mutated nucleotides are in boldface and the
binding sites are underlined

Primer Nucleotide sequence 5' to 3'

5' deletion PCR primers
5' Del-2 5' GAGCTCAAGCTTCTGCCCTCACAGCTCTGGCTTGCAG
5' Del-3 GAGCTCAAGCTTCACCCTCCTCCCCAACTCC
5' Del-4 GAGCTCAAGCTTGCTTTTGTGCCAGGAGCCTCG
5' Del-5 GAGCTCAAGCTTGCTCAAGACTGGCGCTAAAAGTT

3' GAAAATACGGAGCCGAGAGCC

EMSA oligonucleotides
P53-Spl 5' GCACCCTCCTCCCCAACTCC
P53-mSpl 5' GACTCTGCACGCTCGTCGCCAACTCCATTTCCTTTGC
P53-PE21 5' CCTCGCAGGGGTTGATGGGATTGGGGT
P53-mPE21 5' CCTCGCAGGGGTTGATGAGCTCGGGGT

Mutation primers
P53Luc-mNFKB 5' GGGGTTGATGGGATTATCGTTTTAAGCTCCCATGTGC
P53Luc-m-c-myc 5' GGGATTGGGGTTTTCCCCTCCCTTGGACTCAAGACTGGC
P53Luc-mPE21 5' GCCTCGCAGGGGTTGATGAGCTCGGGGTTTTCCCCTCCC
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luciferase activity of pRL-TK to normalize the transfection and air-dried. After resuspension in Laemmili loading buffer
efficiency. and heating, SDS-polyacrylarmide gel electrophoresis was

performed and the labeled protein was visualized by a

Electrophoretic mobility shift assays (EMSA) Phosphorlmager.

Nuclear extracts of MCF-7 cells were prepared as previously
described (Liu et al., 2000). Ten micrograms of nuclear
extract were incubated with a 32p-labeled 27 bp oligonucleo-
tide containing the PE21 sequence for 15 min at RT and Abbreviations
loaded onto 6% polyacrylamide gels and run in TGE buffer EMSA, electrophoretic mobility shift assay; FBS, fetal
at 30 mA for 2.5 h at 4°C. The gels were dried and visualized bovine serum; LIF, leukemia inhibitory factor; OM,
on a Phosphorlmager. For UV-cross-linking, after electro- oncostatin M; TK, thymidine kinase
phoresis, the wet gel was exposed to a short-wave UV box
from a distance of 2-3 cm at 4°C for I h as previously
described (Phan et al., 1996). Then, the wet gel was briefly
exposed to a Phospholmager screen to locate the complexes. Acknowledgments
The region of the gel containing complex B was cut out, and This study was supported by the Department of Veterans
the proteins were eluted at room temperature overnight in Affairs (Office of Research and Development, Medical
elution buffer containing 50 mM Tris-HCL (pH 7.9), 0.1% Research Service), by grant (1RO1CA83648-01) from
SDS, 0.1 mM EDTA, 5 mM DTT, 150 mM NaCl, and 50jMg/ National Cancer Institute, and by grant (BC990960) from
ml gamma-globulin. The eluted protein was precipitated with the United States Army Medical Research and Develop-
four volumes of dry ice-cold acetone, washed with ethanol, ment Command.
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Delineating an oncostatin M-activated STAT3 signaling pathway that
coordinates the expression of genes involved in cell cycle regulation and
extracellular matrix deposition of MCF-7 cells

Fang Zhang', Cong Li, Hartmut Halfter 2 and Jingwen Liu*,'

'Department of Veterans Affairs Palo Alto Health Care System, Palo Alto, CA 94304, USA; 'Department of Neurology and Internal
Medicine A (Oncology). Westfi'lische Wilhehns-Unicersitdt Mtinster, Mgtnster, Germany

A number of studies have demonstrated that the STAT Introduction
pathway is an important signaling cascade utilized by the
IL-6 cytokine family to regulate a variety of cell STAT proteins are important signaling molecules for
functions. However, the downstream target genes of many cytokines, such as IL-6 family cytokines (Hirano
STAT activation that mediate the cytokine-induced et al., 1997; Heinrich et al., 1998), and numerous growth
cellular responses are largely uncharacterized. The aims factors, including EGF (Leaman et al., 1996). STAT
of the current study are to determine whether the STAT proteins possess dual functions that not only transmit a
signaling pathway is critically involved in the oncostatin signal from the cell surface to the nucleus after cytokine
M (OM)-induced growth inhibition and morphological engagement of cognate cell surface receptors, but also
changes of MCF-7 cells and to identify STAT3-target regulate gene expression by direct binding to STAT-
genes that are utilized by OM to regulate cell growth and recognition sequence in the promoter region of the
morphology. We show that expression of a dominant target genes (Bowman et al., 2000). Although seven
negative (DN) mutant of STAT3 in MCF-7 cells members of the STAT family have been characterized in
completely eliminated the antiproliferative activity of mammalian cells, in general only a single STAT protein
OM, whereas expression of DN STATI had no effect. or a subset of family members is specifically activated by
The growth inhibition of breast cancer cells was achieved individual cytokines.
through a concerted action of OM on cell cycle STAT3 and STATI are the main STAT proteins
components. We have identified four cell cycle regulators activated by the IL-6 cytokine family in a variety of cell
including c-myc, cyclin D1, c/EBP3, and p53 as down- types including hepatocytes (Kiuchi et al., 1999; Li et al.,
stream effectors of the OM-activated STAT3 signaling 2002; Marsters et al., 2002), chondrocytes (Catterall
cascade. The expression of these genes is differentially et al., 2001), astrocytes (Schaefer et al., 2000), endothe-
regulated by OM in MCF-7 cells, but is unaffected by lial cells (Mahboubi and Pober, 2002), glioblastoma cells
OM in MCF-7-dnStat3 stable clones. We also demon- (Halfter et al., 2000), melanoma cells (Kortylewski et al.,
strate that the OM-induced morphological changes are 1999), and breast cancer cells (Badache et al., 2001; Li

: correlated with increased cell motility in a STAT3- et al., 200 1a, b; Grant et al., 2002). A number of recent
dependent manner. Expression analysis of extracellular studies have shown that activation of STAT3 and
matrix (ECM) proteins leads to the identification of STATI by the same cytokine, such as oncostatin M
fibronectin as a novel OM-regulated ECM component. (OM), leads to different biological outcomes in different
Our studies further reveal that STAT3 plays a key role in cell types, suggesting that the expression of genetic
the robust induction of fibronectin expression by OM in programs initiated by STAT activation is heavily
MCF-7 and T47D cells. These new findings provide a influenced by cellular context.
molecular basis for the mechanistic understanding of the OM is a member of IL-6 cytokine family produced by
effects of OM on cell growth and migration. activated T cells and macrophages (Zarling et al., 1986;
Oncogene (2003) 22, 894-905. doi:10.1038/sj.onc.1206158 Brown et al., 1987; Grove et al., 1991). Similar to IL-6

or LIF, OM is pleiotropic and participates in diversified
Keywords: oncostatin M; STAT3; cell growth; cell cellular processes such as wound healing (Duncan et al.,
migration; extracellular matrix 1995; Bamber et al., 1998), inflammatory response

(Wahl and Wallce, 2001), and cellular proliferation
and differentiation (Douglas et al., 1997; Liu et al., 1997;
Horn et al., 1990; Grove et al., 1993; Zhang et al., 1994;
Halfter et al., 1998). OM manifests its functionthrough

*Correspondence: J Liu, (154P), VA Palo Alto Health Care System, specific binding to OM receptors, including the OM-
3801 Miranda Avenue, Palo Alto, CA 94304, USA; specific receptor (OSMR) and the LIF receptor (LIFR).
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Received 2 July 2002; revised 15 October 2002; accepted 22 Additions of OM to cells in culture immediately induce
October 2002 the dimerization of receptor subunits, OSMR# and
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GP130. This results in phosphorylation and activation the possible side effects associated with antibiotic
of receptor-associated JAK family kinases, leading to selection.
activation of several intracellular signaling pathways. To determine the effect of mutant STAT proteins on
Although the STAT 1 and STAT3 proteins and the MAP OM-induced STAT DNA binding activity, gel shift and
kinase ERK are coactivated simultaneously by OM in supershift assays using a 32P-labeled oligonucleotide
every cell type that expresses the OM-high-affinity probe (c-FosSIE), containing the high-affinity STAT3
receptor (OSMR), there are conflicting reports as to binding site of c-fos gene promoter, were performed with
which signaling cascade is critically linked to a defined nuclear extracts prepared from MCF-7 stable clones
OM-induced cellular functional change. that were untreated or treated with OM for 15 min. As

Previously, we have shown that the OM-induced shown in Figure la, in MCF-7-neo cells, OM induced
growth suppression and morphological changes of the formation of three specific DNA-protein complexes
breast cancer cell line MDA-MB231 can be totally (lane 2). Supershift assays with antibodies specific to
abrogated by blocking ERK activation with the MAP STAT1 or to STAT3 showed that the complex C3 was
kinase kinase-1 (MEK-1) inhibitors (Li et al., completely supershifted by anti-STAT1 antibody (lane
2001a, b, c). By contrast, MEK inhibitors PD98059 3), suggesting that C3 is the homodimer of STAT1. The
and U0126 were not able to abolish the OM anti- C2 complex was supershifted by both anti-STATI and
proliferative activity or to reverse the morphological anti-STAT3 (lane 5), thereby demonstrating that C2 is
changes in MCF-7 cells, implying that other signaling the heterodimer of STAT1 and STAT3. The low-
pathways activated by OM in MCF-7 cells are intensity band C1 was completely supershifted by anti-
responsible for its actions. STAT 3 antibody (lane 4), demonstrating its identity as

It has been reported in several studies that the OM the STAT3 homodimer. The OM-induced STAT bind-
antiproliferative activity is accompanied by the induc- ing activity was markedly reduced in clones of dnStat3
tion of morphological changes of breast cancer cells (Liu (lanes 8-11) and dnStatl (lanes 12-15) as compared to
et al., 1997; Spence et al., 1997; Douglas et al., 1998; the neo clone (lanes 1-7) and untransfected MCF-7 cells
Halfter et al., 1998). In general, the OM-treated cells (data not shown). Low levels of STAT1 binding activity
displayed disrupted intercellular cell junctions. Cells were observed in uninduced neo (lane 1) and dnStat3
became scattered. The morphological changes could be (lane 8) clones, suggesting that some of the STATI
partially attributed to cellular differentiation, as the protein exist in a constitutively activated form in MCF-7
accumulation of neutral lipid, a marker of differentia- cells.
tion, was detected in OM-treated MCF-7 cells (Douglas To further demonstrate a blockade of STAT3
et al., 1998; Grant et al., 2002). However, a recent study transactivating activity by the mutant dnStat3 a STAT3
conducted in T47D cells has suggested that the scattered luciferase reporter (pTKlucS3) was transiently trans-
phenotype is associated with an increased cell migration fected into MCF-7-neo and dnStat3 clones. Cells, 40 h
towards OM (Badache and Hynes, 2001). OM, acted as after transfection, were treated with OM for 4h and
a chemoattractant, induced T47D cells to migrate in the luciferase activities were measured. As shown in
absence of STAT3 activation. The mechanisms that Figure lb, OM induced an eight-fold increase in the
underlie the effect of OM on cell migration of T47D cells promoter activity of pTKlucS3 in the neo clone, but this
remain elusive. induction was completely abolished in the clone of

The aims of the current study are to determine dnStat3.
whether the STAT signaling pathway is critically We next examined the effect of OM on ERK
involved in the OM-induced growth inhibition and activation in MCF-7 and stable clones. Western blot
morphological changes of MCF-7 cells and to identify analysis detected comparable levels of activated ERK in
STAT3-target genes that are utilized by OM to regulate parental MCF-7 cells and stable clones (Figure 2). These
cell growth and motility, results clearly demonstrate that expression of the DN

STATs specifically abolished STAT DNA binding and
transactivating activity without subverting the OM-

Result induced MEK/ERK signaling pathway.

Blockade of OM-induced STA T3 and STA Ti Expression of dnStat3 but not dnStatl abolished the
transactivation by dominant negative STA T mutant antiproliferative activity of OM
proteins The impact of dnStat3 or dnStatl expression on OM-

OM activates both STAT3 and STAT1 in MCF-7 cells. induced growth suppression was first evaluated by cell
To determine whether STAT3 or STAT1 activation is a proliferation assays that measured the binding of a
key event in the OM-induced growth inhibition of fluorescent dye to cellular nucleic acids, which produces
MCF-7 cells, we established stable MCF-7 clones that fluorescent signals in proportion to the cell number.
express a dominant negative STAT3 mutant (dnStat3, Figure 3a shows that the cellular proliferation of MCF-
Y705F) or a dominant negative STAT1 mutant 7, the neo clones, and the clones expressing dnStatl was
(dnStatl, Y701F). MCF-7 clones (neo) transfected with inhibited by 60-75% as compared to control after
the empty vector (pEFneo) were also generated and incubation with OM for 5 days, whereas the growth rate
were used in this study as negative controls to access of dnStat3 clones was unaffected by OM. To further
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Figure 1 Blocking STAT DNA binding and transactivation by STAT mutant proteins. (a) EMSA analyses of nuclear proteins
interacting with the STAT binding site. Nuclear extracts were prepared from MCF-7-neo clone, pEFneo-dnStatl clone, and pEF-
dnStat3 clone that were untreated (lanes 1), or treated with OM (15 mai) (lanes 2-15). A double-stranded oligonucleotide, designated as
c-FosSIE, was radiolabeled and incubated with 10/pg of nuclear extract per reaction for l0nrain at 22°C in the absence (lanes 1, 2, 7, 8,
14, 15) or presence of 100-fold molar amounts of unlabeled competitor DNA (lanes 6, 7, 13, 14, 20, 21). For supershift, antibodies were

incubated with nuclear extracts at 22°C for 30mai prior to the addition of the probe. The reaction mixtures were loaded onto a 6%
polyacrylamide gel and run in TGE buffer at 30 mA for 3 h at 4°C. (b) Analysis of STAT3 reporter luciferase activity. The STAT3
reporter pLucTKS3 was cotransfected with pRL-SV4O into neo or dnStat3 clones. Cells, 40 h after transfection, were treated either with
OM (50 ng/ml) or with OM dilution buffer for 4 h prior to harvesting cell lysates. Luciferase activities in total cell lysates were measured
using the Promega Dual Luciferase Assay System. Absolute firefly luciferase activity was normalized against renilla luciferase activity
to correct for transfection efficiency. The normalized luciferase activity is expressed as the fold of luciferase activity in untreated control
cells. The data presented are derived from three separate transfections in which triplicate wells were used in each condition

MCF-7 pEFneo pEF-dnStatl pEF-dnStat3

i~ i ii -= S 5"
- . -" " - • -

44

ER2-

Figure 2 Activation of MAP inases ERK1n and srK2byOMin by an stable clones. MCF-7, neo, dnStatl, and dnStat3 clones

cultured in medium containing 0.5% FBS were stimulated with 5eng/ael OM. At the indicated times, cells were scraped into lysis buffer
and cell extracts were prepared. Soluble proteins (30pg/lane) were applied to SDS-PAGE. Detection of phosphorylated ERKo and
ERK2 and the nonphosphorylated ERK2 was performed by immunoblotting

Oncogene



Oncostatin M-activated STAT3 signaling pathway

F Zhang et al

897
a 140 b 700000

S120 600000

Tb8 100 -o500000

80 C 400000 -o-dnStat3, C
60 OM E -.- dnStat3, OMO2 -G- MCF-7,

= 300000 --- MCF-7, OM

200000S20
100000

0

X e 1 3 5 7
0 k • qOM Treatment (day)

Figure 3 Abrogation of OM antiproliferative activity by expression of DN STAT3 in MCF-7 cells. (a) Untransfected parental MCF-
7, two independently isolated neo, dnStatl, and dnStat3 clones were cultured in 96-well plates at a density of 2000 cells/well in 0.1 ml
RPMI containing 2% FBS with or without 50ng/ml OM for 5 days. The medium was removed and cells were washed with PBS. A
volume of 200 j1 of Cyquant GR dye mixed with cell lysis buffer was added to each well. The fluorescent signals were then measured
using a fluorescence microplate reader. (b) Cells of MCF-7 and dnStat3 clone were cultured in 24-well culture plates at a density of
7 x 101 cells/well in 0.5ml RPMI containing 2% FBS with or without 50 ng/ml of OM for different days. At the indicated time, cells
were trypsinized and viable cells (trypan blue excluding cells) were counted. Values are mean of triplicate wells. The figure shown is
representative of 4-5 separate experiments

verify the blocking effect of DN STAT3 on OM growth ingly, contrary to the long exposure, the transient
inhibitory activity, a time course of cell growth rate in induction of c-myc mRNA by OM was not abolished
the absence or the presence of OM was conducted by by overexpression of dnStat3 or dnStatl (Figure 4b).
direct accounting of the viable cell numbers of MCF-7 A brief incubation of cells with OM stimulated
cells and the dnStat3 clone. Figure 3b shows that OM c-myc expression to comparable levels (2-4 fold) in
exerted a time-dependent inhibitory effect on MCF-7 the MCF-7, neo, dnStatl, and the dnStat3 clones.
cells. By 7 days of the OM treatment, the number of These results suggest that OM downregulates
viable cells was decreased by more than 50% as c-myc transcription through a STAT3-dependent
compared to control. Consistent with the results mechanism, whereas the immediate effect of OM on
of Figure 3a, the growth of dnStat3 cells was not upregulation of c-myc is independent of the STAT3
inhibited by OM through the entire duration of the signaling cascade.
experiment. These results demonstrate that expression
of the dominant negative mutant of STAT3 but not Identification of STAT3 target genes clEBP6 and cyclin
STAT1 blocked the OM-mediated growth arrest in D1 as novel OM-regulated genes that participate in OM-
MCF-7 cells. mediated growth repression

OM regulates c-myc gene expression through STA T3- Previous investigations have shown that OM treatment
resulted in an accumulation of breast cancer cells in thedependent and independent mechanisms Go/G 1 phase of the cell cycle (Douglas et al., 1998;

c-myc is a potent oncogene, the expression level of which Grant et al., 2002). The molecular mechanisms under-
is directly correlated with cellular growth status lying the OM effects on cell cycle have not been clearly
(Kelly et al., 1983; Carroll et al., 2002). Recent studies defined. Since cyclin Dl (Sinibaldi et al., 2000; Sauter
further identify c-myc as a target gene of STAT3 (Kiuchi et al., 2002) and c/EBP6 (Yamada et al., 1997) are
et al., 1999; Bowman et al., 2001). OM and IL-6 known target genes of STAT3 activation, and their gene
regulates c-myc mRNA expression in a biphasic manner products are important regulators in the G0 /Gl phase of
with an early induction and a subsequent suppression the cell cycle, we sought to determine whether OM
(Liu et al., 1992, 1997; Minami et al., 1996; Spence regulates cyclin D1 and c/EBP6 in MCF-7 cells and
et al., 1997). To determine the role of STAT3 in whether this regulation requires STAT3 activity.
OM-regulated transcription of c-myc, Northern blot Figure 5 shows that OM reciprocally modulates cyclin
analysis was conducted to detect levels of the c-myc D1 and c/EBP6 expression. OM increased c/EBP6
mRNA after short and long exposures to OM in protein expression to levels of three- to fivefold of
MCF-7 and stable clones. Figure 4a shows that OM control in MCF-7, the neo, and dnStatl clones, whereas
treatment over a 3-day time course decreased the the c/EBP6 expression in dnStat3 cells was not induced
levels of c-myc mRNA by 60-80% in MCF-7, neo, by OM (Figure 5a). The expression of cyclin Dl was
and dnStatl clones but not in dnStat3 clones. Interest- inhibited by OM in MCF-7 cells and this inhibition was
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Figure 4 Detection of c-myc mRNA expression in MCF-7, neo, dnStatl and dnStat3 clones by Northern blot analysis. Cells cultured
in 60 mm dishes were treated with OM for 1-3 days (a) or for a short period of time (b). By the end of treatment, cells were lysed and
total RNA was isolated. Total RNA of 15 pg per sample was analysed for c-myc mRNA by Northern blot. The membrane was stripped
and rehybridized to a human GAPDH cDNA probe. The figure shown is representative of three separate experiments
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Actin ~ee. wp *

b neo dnStat3
_ _ _ _ _ _ _ I

OM Treatment (day) 0 1 2 3 -0. 1 2 -.,3,.
CyclinD1--- Ot .- 4" .

Actin --- . . .. IJ I . l, 4 I

Figure 5 Western blot analyses of c/EBP3 and cyclin D1 protein expressions in MCF-7 and stable clones. Cells cultured in medium
containing 2% FBS were incubated with 50ng/ml OM for the indicated times and total cell lysate was harvested at the end of
treatment. Soluble proteins (50 pg/lane) were applied to SDS-PAGE. Detections of c/EBP5 (a) and cyclin Dl (b) were performed by
immunoblotting and autoradiography. Immunoblotting of the membranes with anti-fl-actin mAb was conducted to normalize the
amounts of protein being analysed

abrogated by overexpression of dnStat3 (Figure 5b). STAT3 participates in OM-mediated downregulation of
These results demonstrate that OM exerts its effect p53
on cell growth by direct regulation of critical cell
cycle components through the STAT3 signaling OM downregulates p53 expression in MCF-7 cells by in-
pathway. hibiting the gene transcription (Liu et al., 1999; Li et al.,
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2001a, b, c). Since blocking the MEK/ERK pathway OM-induced morphological changes are associated with
only partially reversed the OM inhibitory effect on p53 increased cell motility and expression offibronectin in a
protein expression, it is possible that other signaling STAT3-dependent manner
pathways could also be involved. To evaluate the role of
STAT3 in p53 transcription, a p53 promoter luciferase Figure 7 shows OM-induced morphological changes
reporter construct pGL3-p53 was cotransfected with that appeared in MCF-7, neo clone, and dnStatl clone,
pEF-dnStat3 or with a control vector (pEFneo) into but not in dnStat3 clones. The tight cell-to-cell junctions
MCF-7 cells along with pRL-SV40 for normalization of in MCF-7 cells was severely disrupted by OM. Cells
variations in transfection efficiency. Cells were treated became flat and larger, and also developed cell exten-
with OM or OM dilution buffer for 40 h and dual sions and membrane protrusions. These changes subtly
luciferase activities were measured in total cell lysates. surfaced after 1 day of OM treatment and were
The p53 promoter activity was decreased by 50% in predominant after 3 days. However, in dnStat3 clones
OM-treated cells in the absence of pEF-dnStat3. morphological changes were not readily detected
Expression of dnStat3 reversed the OM inhibitory effect even after 5 days. After a longer period of culture (7
on p53 promoter activity (Figure 6a). We further days) in the presence of OM, slight morphological
examined p53 protein levels in MCF-7 neo and dnStat3 changes were noticed. The OM-induced morphological
clones untreated or treated with OM. Western blot changes were reversible, as cells slowly resumed original
analysis shows that while OM treatment lowered p53 cell shape after withdrawal of OM from the culture
protein level to 35% of control in the neo clone, the level medium.
of p53 protein in the dnStat3 clone was not decreased by We were interested to know whether the OM-induced
OM treatment (Figure 6b). Taken together, these results phenotype is related to changes in the extracellular
demonstrate that activation of STAT3 signaling path- matrix (ECM) composition. Using Western blot analy-
way is a necessary step in the OM-mediated regulation sis, we examined several ECM proteins including
of p53 transcription. P-cadeherin, E-cadeherin, and fibronectin that are

known to play important roles in cell morphology and
a migration. We found that the protein level of E-

160 cadeherin was not changed by OM and the level of
S140 P-cadeherin was only slightly increased after OM2 140treatment (data not shown). In contrast, OM induced

4 120 a robust time-dependent expression of fibronectin in
12 100 T MCF-7 cells and a much weak induction of fibronectin

E 8o in the dnStat3 clone (Figure 8a). To determine whether
20% 0 +OM the effect of OM on fibronectin expression is confined toMCF-7 cells, we examined fibronectin expression in

40 another two breast cancer cell lines T47D and SKBR-3
20 to which OM also induces similar morphological

CL o" changes (data not shown). Figure 8b shows that the
0 10 100 expression of fibronectin in these two cell lines were

strongly induced by OM as well. Moreover, the
pEF-dnStat3, ng induction of fibronectin by OM was not detected in

T47D-dnStat3 cells that stably express the dnStat3
b neo dnStat3 mutant (Figure 8c) and these cells failed to show the

distinct morphological changes upon OM treatment.
These results strongly suggest that fibronectin is a

n downstream effector of the OM-activated STAT3
o 0 O signaling cascade and expression of fibronectin may

change the cell morphology.
p,53 1 Finally, we examined the involvement of STAT3

pathway in cell migration. Boyden chamber assays were
performed to examine the direct effect of OM on cell

Actin •motility. Cells were pretreated with OM for different
days, trypsinized, counted, and seeded onto the top

* Figure 6 Evaluation of the role of STAT3 in OM-mediated chamber; cells were then allowed to migrate through the
downregulation of p53 promoter activity and protein expression. membrane in the absence of any chemoattractant.
(a) The p53 promoter reporter pGL3-p53 was cotransfected with
pEF-dnStat3 or with pEFneo into cells along with the normalizing As shown in Figure 9a, GM induced a time-depen-
vector pRL-SV40. Transfected cells were treated either with OM dent increase in the number of migrated cells. After a 2-
(50 ng/ml) or with OM dilution buffer for 40 h prior to harvesting day treatment, the number of migrated cells increased
cell lysates. The normalized luciferase activity is expressed as the more than 12-fold of control. To determine the
percentage of luciferase activity in untreated control cells. (b) Cells involvement of STAT3 in this newly discovered property
were cultured in the presence or absence of OM for 5 days and
harvested. Western blot analysis of p53 protein expression was of OM, the migration assay was conducted
conducted using total cell lysates using DN STAT3 cells that were untreated or treated
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MCF7 control MCF7 OM3D MCF7 OM5D

neo control neo OM3D neo OM5D

dnStatl control dnStatl OM3D dnStatl OM5D

dnStat3 control dnStat3 OM3D dnStat3 OM5D

Figure 7 Detection of OM-induced morphological changes in MCF-7, neo, and dnStatl clones but not in the dnStat3 clone. Cells
were cultured in medium containing 2% FBS with or without OM for 3-5 days. Photographs were taken at the indicated time of OM
treatment by using the Penguin 600CL digital camera at a magnification of 200. The loss of OM-induced morphological changes in
T47D-dnStat3 cells was also observed

with OM. Figure 9b shows that the cell motility of chambers without prior exposure to OM. OM or its
dnStat3 clones was not stimulated at all even after 6 dilution buffer as control was added to the bottom
days of OM treatment. chambers. Cells were allowed to migrate for 24 h and the

Previously, using OM as a chemoattractant added to migrated cells were stained and counted. Figure 9c
the bottom chamber, Badache et al has shown that shows that OM as a chemoattractant induced the
expression of DN STAT3 did not affect the migration of migration of dnStat3 clone and MCF-7 to similar
T47D cells (Badache and Hynes, 2001). To determine extents. This corroborated the observation made in
whether DN STAT3 expression in MCF-7 cells is able to T47D cells. Thus, our results, for the first time,
block the cell migration towards OM, MCF-7 and the demonstrate that OM affects the intrinsic cell motility
dnStat3 clone were directly seeded onto the top through a STAT3-dependent mechanism, whereas the
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a MCF-7 dnStat3 In this study, by utilizing dominant negative mutants

OM (day): 0 1 3 5 0 1 2 3 6 of STAT3 and STAT1 we demonstrate that STAT3 but
F n not STAT1 activation is a critical event in the OM-

Fibroneetin--- mediated growth inhibition of MCF-7 cells. Our results
n are consistent with the finding in A375 melonoma cells

Actin----I• whose growth was strongly inhibited by OM in a STAT3
but not a STAT1-depdendent mechanism (Kortylewski
et al., 1999). While it has been shown that STATI

b T47D SKBR3 activation by IL-4 results in reduced growth rates in
OM (day): 0 2 0 2 3 human colon carcinoma cell lines (Chang et al., 2000), it

appears that activation of Statl by OM alone does not
Fibronectin---- • 406-4 lead to changes in gene transcription and cell function.

However, since blocking STAT3 DNA binding activity
Actin-----*n. could affect the binding activity of STAT1 protein, our

data cannot absolutely rule out the functional role of
STAT1 in OM signaling. Additional experiments to

20 block STAT3 and STAT1 expression by different
18 approaches will be needed to reach a firm conclusion.
16 Recent investigations have identified c-myc as the

14 downstream effector of STAT3 signaling (Kiuchi et al.,
12 1999; Bowman et al., 2001). By using the dnStat3 clone,
10Control we found that the OM-induced biphasic regulation of
8 mOM20 c-myc is both STAT3-dependent and STAT3-indepen-

[• - dent. Our finding that dnStat3 blocks the OM-induced
a :4 suppression of c-myc transcription recapitulates the
" 2 observation obtained previously in Ml cells (Minami

0 et al., 1996). It was shown that IL-6-induced down-
T47D T47D.dnStat3 regulation of c-myc in M 1 cells was obviated by dnStat3expression. Unexpectedly, the rapid induction of c-myc

Figure 8 Western blot analysis for fibronection expression. The mRNA expression by OM in MCF-7 cells was not
effects of OM on fibronectin expression were examined in wild-type afeted by OT inducto o cells mRnA
STAT3 and the dnStat3 clones. MCF-7, MCF7-dnStat3 (a), T47D, affected by dnStat3. The induction of c-myc mRNA
SKBR-3 (b) cells were treated with OM. At the indicated time, cell (three- to four fold of control) by OM was completely
was harvested and total cell lysates of 50pg per sample were used to abolished by actinomycin D (data not shown), implying
analyse fibronectin expression by Western blot analysis. In (c), a nature of transcriptional activation. The E2F binding
T47D and T47D-dnStat3 cells were cultured in the absence
(control) or presence of OM for 4 days and the expression of site of the c-myc promoter, located at + 98 to + 106 bp,
fibronection was examined by Western blot using total cell lysate. was shown to interact with STAT3 and to mediate the
Data are expressed as fold increase relative to control inducing activity of IL-6 on c-myc promoter activity

(Kiuchi et al., 1999). We have analysed a series of c-myc
promoter luciferase reporters that contain the wild-type

mechanism of chemoattraction mediated by OM is E2F or the mutated E2F sites in a transient transfection
independent of STAT signaling pathway. system of MCF-7 cells. We did not observe a significant

induction of the c-myc promoter activity by OM
regardless of the status of the E2F site (our unpublished
data). Our results suggest that OM may stimulate c-myc

Discussion transcription through some regulatory mechanisms such
as chromatin remodeling that might not be readily

The STAT pathway and the MEK/ERK pathway are accessed by the transient transfection of plasmid DNA.
two major signaling cascades utilized by IL-6 cytokine The mechanisms underlying the STAT3-independent
family to elicit a variety of biological response (Heinrich activation of c-myc transcription by OM is currently
et al., 1998). Depending on cell types, activation of the under investigation in our laboratory.
same pathway can lead to different biological outcomes. In addition to c-myc, we have identified another two
It is conceivable that the downstream targets of ERK or cell cycle regulators, c/EBP6 and cyclin Dl, that
STAT are differentially activated in different cell lines, function in the G0/G1 phase of the cell cycle. c/EBP6
Each signaling pathway may regulate a unique set of has an important role in the induction of Go growth
genes whose functions dictate the outcome induced by arrest in mammary epithelial cells (Hutt et al., 2000) and
the cytokine in a cell line-specific manner. From this cyclin Dl expression promotes cell cycle progression
point of view, identification of target genes of a specific (Sherr and Roberts, 1999). OM through the STAT3
signaling cascade is of importance. It can provide insight signaling cascade coordinately regulates the expression
to understand the mechanisms of cytokine's action at of c/EBP6 and cyclin Dl. Although the direct role of
the molecular levels and may help predict outcomes in these proteins individually in the OM-mediated growth
an uncharacterized system. arrest of MCF-7 cells has not been demonstrated in this
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Figure 9 OM increases the intrinsic cell motility through the STAT3-signaling cascade. The effects of OM on cell motility were
examined in MCF-7 and the dnStat3 clone. In (a), MCF-7 cells were pretreated with OM for different days at a concentration of 50 ng/
ml. At the end of treatment, cells were trypsinized and counted. Cells were then seeded onto the top chamber at a density of 0.15 x 106
per chamber. The top chamber and the bottom chamber both contained 2% FBS RPMI. Migrated cells were counted after 6 h. In (b),
MCF-7 and MCF7-dnStat3 cells were cultured in the absence (control) or presence of OM for 6 days. The ability of cell to migrate was
determined as described in (a). In (c), cells without prior exposure to OM were seeded onto the top chamber which contained 2% FBS
RPMI. OM at a concentration of 50 ng/ml was added to the bottom chamber that contained 2% FBS RPMI. Cells were allowed to
migrate towards OM for 24h. The migrated cells were fixed, stained, and counted. Data are expressed as fold increase relative to
control

study, we postulate that the reduced growth rate of Recently, there is emerging information to link
MCF-7 cells results from a concerted regulatory action STAT3 signaling pathway with p53. It was shown that
of OM on several cell cycle components, leading to an the expression of the wild-type p53 in breast cancer
accumulation of cells at the G0/G1 phase. cells inhibited STAT3-dependent transcriptional activity
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(Lin et al., 2002). Another reporter showed that Hep3B have unraveled the importance of STAT3 activation in
cells stably expressing a temperature-sensitive p53 OM-induced migration of breast cancer cells and
species (p53-Val-135) displayed a reduced response to identified a new OM-regulated ECM component fibro-
IL-6 when cultured at the wild-type p53 permitting nectin. These results provide a better understanding of
temperature (Rayanade et al., 1997). Later studies the molecular mechanisms whereby OM regulates cell
revealed that the reduction of cellular response to IL-6 growth and differentiation.
was because of a p53-caused masking of STAT3 and
STAT5, but not STATI (Rayanade et al., 1998). In this
study, we showed that blocking STAT3 activity by Materials and methods
dnStat3 reversed the OM inhibitory effect on p53
transcription, demonstrating an involvement of STAT3 Cells and reagents
in OM-mediated negative regulation of the p5 3 tran- Human breast cancer cell lines MCF-7, T47D, and SKBR-3
scription. Our previous investigation has identified the were obtained from American Type Culture Collection
regulatory sequence (PE21) of p53 promoter as the OM- (Manassas, VA, USA) and cultured in RPMI-1640 medium
responsive element that mediates the OM effect on p53 supplemented with 10% heat-inactivated fetal bovine serum
transcription (Li et al., 2001 a, b, c). However, we did not (FBS). The T47D-dnStat3 cells were kindly provided by Dr Ali
detect STAT3 in the protein complex bound to the PE21 Badache at Friedrich Miescher Institute, Basel, Switzerland,
region by supershift using anti-STAT3 antibody (our and the effects of OM on these cells have been described
unpublished data). This is not surprising, as the (Badache and Hynes, 2001). The plasmids pEFneo and
sequence of PE21 motif is not related to the STAT pEFneo-dnStatl (Y701F) (Chang et al., 2000) were obtained

from Dr Xin-Yuan Fu at Yale University. The plasmid pEF-canonical sequence (Noda et al., 2000). We speculate dnStat3 (Y705F) (Minami et al., 1996) was provided by Dr
that the effect of STAT3 on p53 transcription is likely Shizuo Arika at Osaka University. The specific STAT3
indirect and might be mediated through other down- luciferase reporter plasmid pLucTKS3 (Zhang et al., 1996)
stream effectors of STAT3. Nevertheless, our novel and the control reporter pLucTK were provided by Dr
finding that STAT3 participates in p53 transcription Richard Jove at the University of South Florida College of
brings new insight into the interaction between the Medicine, Tampa, FL, USA. Antibodies directly to STAT3,
STAT signaling machinery and p53. It is possible that a STATI, ERK2, cyclin Dl, c/EBP3, p53, c-myc, and fibronectin
reciprocal interaction exists: p53 regulates STAT3 phos- were obtained from Santa Cruz and the antiphosphorylated
phorylation and transactivating activity and the STAT3 ERK was obtained from Cell Signaling Technology.
affects p53 function by controlling p53 transcription.

OM has been implicated in the process of wound Generation of stable clones for STAT3 and STATI mutant
healing, which involves cell proliferation, migration, and proteins
remodeling of ECM. In dermal fibroblasts, OM To generate stable MCF-7 clones that constitutively express an
stimulates the production of ECM components such as FLAG-tagged dominant negative (DN) form of STAT3
collagen and glycosaminoglycan (Duncan et al., 1995). (Y705F), plasmid pEF-dnStat3 and a empty vector containing
OM has been reported to stimulate the synthesis of a neomycin-resistant gene (pEFneo) were cointroduced into
tissue inhibitor of metalloproteinases 1 and 3 (Kerr et al., MCF-7 cells using the transfection reagent Effectene (Qiagen,
1999; Li et al., 2001a, b,c). In endothelial cells, OM- Valencia, CA, USA). Cells were selected in 300yg/ml G418.

Several clones were picked, expanded in the presence of G418,promoted cell migration is associated with induction of and analysed for dnSTAT3 expression with anti-FLAG
the urokinase plasminogene activator (uPA) and uPA antibody by immostainning. To generate MCF-7 clones
receptor (Strand et al., 2000). In this study, we provide expressing a DN form of STAT1 (Y701F), plasmid pEFneo-
the first evidence that OM strongly induces fibronectin dnStatl was transfected into MCF-7 cells and several
protein production. Analysis of fibronectin mRNA in independent clones were selected and characterized for dnStatl
untreated and OM-treated cells showed that OM expression by Western blot. MCF-7-neo clones were estab-
increased the levels of fibronectin mRNA to the order lished by introducing the empty vector pEFneo into MCF-7
of 20-30-fold (data not shown). The induction at this cells. These clones were used as negative controls in this study.
order of magnitude is likely to be transcriptional. For each stable cell lines, at least two independent clones
Fibronectin is a multifunctional adhesive glycoprotein were analysed by Western blot analysis for the expression of

(Makogonenko et al., 2002). It affects cell adhesion and mutant STAT proteins, by gel shift for STAT DNA binding
activity, and by growth assays to determine the response tomigration. The OM-induced cell migration is likely to be OM treatment. Significant clonal variations were not observed.

mediated through the interaction of fibronectin with
other ECM components. In MCF-7 cells, the OM- Electrophoresis mobility shift assays (EMSA) to detect STAT
induced morphological changes, increased intrinsic cell DNA binding activity in cells expressing the wild-type or the
motility, and production of fibronectin are all inhibited mutant STATproteins
by DN STAT3. Our studies suggest that STAT3signaling cascade may play important roles in ECM MCF-7 stabl~e clones were seeded at 5-8 x 106 cells/100 mm
remodeling c brascad ma e clay importaand cultured in medium containing 0.5% FBS overnight. Cellsremodeling in breast cancer cells. were then untreated or treated with OM for 15min. Nuclear

In summary, our studies have defined c-myc, cyclin extracts were prepared by the method of Dignam et al (1983)
Dl, c/EBP6, and p53 as the downstream effectors of the except that the buffer A was supplemented with 1 mM Na3VO4
OM-activated STAT3 signaling cascade that participate and I jg per ml each pepstatin and leupeptin. Nuclear extracts
in the process of growth regulation. Furthermore, we were quick frozen by liquid nitrogen and stored in aliquots.
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Protein concentrations were determined using a modified phenylmethylsulfonyl fluoride, 5 pg/ml aprotinin, 1 pg/ml
Bradford assay using BSA as a standard (Pierce). EMSA and leupeptin, and 1.25 pg/ml pepstatin). Approximately 50 pg
supershift assays were conducted as previously described (Li protein of total cell lysate per sample was separated on 10-
et al., 2001a, b,c) using a double-stranded oligonucleotide 15% SDS-PAGE, transferred to nitrocellulose membrane,
probe (c-FosSIE) containing the high-affinity STAT-binding followed by Western blot analysis. The signals detected using
site (m67) derived from the c-fos gene promoter (Wagner et al., an enhanced chemiluminescence (ECL) detection system were
1990). A double-stranded oligonuleotide probe containing an quantitated with a BioRad Fluor-S MultiImager System.
SPI binding site was used in the assay for the assessment of Densitometric analysis of autoradiographs in these studies
nonspecific bindings. included various exposure times to ensure linearity of signals.

Transfection and reporter assays RNA isolation and Northern blot analysis

Cells cultured in 24-well plates at a density of 0.12 x 106 cells Cells were lysed in Ultraspec RNA lysis solution (Biotecxs
per well were transiently transfected with a total of 200 ng of Laboratory, Houston, TX, USA) and total cellular RNA was
reporter DNA and 2 ng of pRL-SV40 (Renilla, Promega) per isolated according to the vendor's protocol. Approximately
well mixed with the Effectene reagent. Cells were switched to 15 pg of each total RNA sample was used to analyse c-myc
medium containing 0.5% FBS overnight, stimulated with OM mRNA. The RNA blots were first hybridized to a 2 Kb human
for indicated length of time, and harvested, 24 h after c-myc cDNA probe that was 32P-labeled using the Primer-It II
transfection. Luciferase activities in total cell lysates were Random Primer Labeling kit (Stratagene) and then stripped
measured using the Promega Dual Luciferase Assay System. and reprobed with a 32P-labeled human GAPDH probe to
Absolute firefly luciferase activity was normalized against ensure that equivalent amounts of RNA were being analysed.
renilla luciferase activity to correct for transfection efficiency. Hybridization signals were visualized by a BioRad Phosphor-
Triplicate wells were assayed for each transfection condition Imager and were quantified by the Quantity One program.
and at least three independent transfection assays were
performed for each reporter construct. The STAT3 luciferase Analysis of OM-induced morphological changes
reporter constructs contain seven copies of specific STAT3 MCF-7 and stable clones were cultured in the absence or
binding sites corresponding to the region -123/-85 of the c- presence of OM. At indicated times, cell morphology was
reactive protein (CRP) promoter (Zhang et al., 1996). The p53 examined under a phase contrast microscope equipped with apromoter luciferase reporter pGL3-p53 contains a 599bpcamera.
fragment of the human p53 promoter region and exon 1 (-426
to + 172) (Li et al., 2001a, b,c). Migration assays

Cell growth assay Cell motility was examined in a Boyden chamber assay using
Cell number count was conducted in monolayer culture in 24- 8-pm-pore polycarbonate membrane. The migrated cells were
well Costar culture plates. Cells were plated at an initial fixed and stained using the kit Hema 3 manual staining system
density of 7 x l0t cells/well in 0.5 ml medium supplemented obtained from Fisher Scientific. Cells were counted under an
with 2% FBS. OM was added 24h after initial seeding. The inverted microscope in 10 different x 100-power fields in
culture media were replenished every 2 days. At the end of triplicate wells.
treatment, cells were trypsinized and then viable cell numbers Abbreviations:
were counted using a hemocytometer. Cell proliferation assay ECM, extracellular matrix; EMSA, electrophoretic mobility
conducted in 96-well culture plates with an initial seeding of shift assay; ERK, extracellular signal regulated kinase;
2 x 103 cells/well was measured using CyQUANT Cell Pro- GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-6,
liferation Assay Kit (C-7026) obtained from Molecular Probes interleukin-6; OM, oncostatin M; STAT, signal transducer and
and a fluorescence microplate reader with the parameters of activator of transcription.
480 nm excitation and 520 nm emission.
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of MCF-7 cells expressing a temperature-sensitive mutant of p53
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D., Summary

Our previous studies have shown that treatment of MCF-7 breast cancer cells with cytokine oncostatin M (OM) re-
0 suits in a growth arrest and a concurrent decrease in p53 expression. It remains to be determined whether these twoQ important events are directly connected, as changes in p53 protein levels can lead to variable biological outcomes.
L.. In this study we have generated stable cell lines (MCF7-ptsp53) that express p53Val1 35 a p53 temperature-sensitive

. mutant. We demonstrate that overexpression of the wildtype (wt) p53 at permissive temperature in MCF7-ptsp53
cells leads to growth arrest at the G2-M phase of the cell cycle. Inhibition of endogenous p53 function with

U) the expression of mutant p53 protein at non-permissive temperature did not affect the OM-induced G1 cell cycle
Sarrest. Microarray studies were further carried out to identify p53- and OM-regulated genes that mediate the G2/MO or G1 cell cycle arrest. We show that the expression of p21 was upregulated and expressions of cdc2, cyclin B2

and protein regulator of cytokinesis 1 (PRCI) were suppressed by overexpression of the wt p53 in MCF7-ptsp53
cells at the permissive temperature. In contrast, OM treatment caused coordinate changes of mRNA expression of
several cell cycle components including c/EBP1 , cdc20, and thymidine kinase 1 (TKI) that mainly affect G1-S
phase transition. All together, our results suggest that the downregulation of p53 transcription may be involved in
some other cellular changes induced by OM but it is not directly connected to the antiproliferative activity of OM
per se.

Abbreviations: CDC2: cell division cycle 2; FBS: fetal bovine serum; GAPDH: glyceraldehyde-3-phosphate de-
hydrogenase; TS: temperature sensitive; OM: oncostatin M; PI: propidium iodide; PRCh: protein regulator of
cytokinesis 1; TKI: thymidine kinase 1

Introduction and apoptosis [5], we examined the effects of OM on
p53 expression in breast cancer cells. Surprisingly, we

Oncostatin M (OM), a 28 kDa glycoprotein, is a found that p53 expression was down regulated by OM
cytokine produced by activated T lymphocytes and in MCF-7 cells that express the wt functional p53 [6].
macrophages [1]. Previous studies showed that OM Treatment of MCF-7 cells with OM for 5 days reduced
inhibits the growth of several breast cancer cell lines. p53 protein expression by more than 50% as compared
OM-treated breast cancer cells show a reduced growth to the control and the viable cell numbers were concur-
rate that is accompanied by an increased proportion of rently decreased by about 70%. In addition to OM, we
cells in GO/GI phase and a concomitant decrease in the found that the p53 expression in MCF-7 cells was also
number of cells in S phase. In addition, a variety of suppressed by PMA, a differentiation-inducing agent
morphological changes associated with the differen- for these cells. Further investigations demonstrate that
tiated phenotype appeared after OM treatment [2-4]. the down regulation of p53 protein as well as mRNA
However, OM treatment does not lead to apparent ap- expressions by OM occurs at the transcriptional level
optosis. Since the p53 tumor suppressor protein plays and is mediated through a specific OM-responsive
important roles in cellular proliferation, differentiation cis-acting element (PE21) of the p53 promoter [7].
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Based upon these observations, we initially hy- Materials and methods
pothesized that p53 plays a positive role in apoptosis,
but it could have a negative role in the differentiation Cells and reagents
process in breast tumor cells. Decreasing p53 expres-
sion might be a factor that contributes to the cell com- Human breast cancer cell line MCF-7 was obtained
mitment to undergo growth arrest/differentiation and from American Type Culture Collection (Manassas,
to prevent apoptosis in response to OM exerted stress. VA). MCF-7 cells were cultured in RPMI-1640 me-
In order to investigate the relationship between p53 dium supplemented with 10% fetal bovine serum
expression and the growth inhibition of breast cancer (FBS). Purified human recombinant OM was obtained
cells, and to determine whether p53 plays a nega- from Bristol-Myers Squibb Pharmaceutical Research
tive role in the OM-induced growth arrest of breast Institute (Princeton, NJ). The plasmid ptsp53-Val1 35

cancer cells, in this study, we utilized the temperature- (pLTRp53cGVaI135) was kindly provided by Dr
sensitive (ts) p53 mutant p53Val135 to establish a cell Moshe Oren at Weizmann Institute of Science,
system where the transactivating function of p53 can Rehovot, Israel. The plasmid p53Luc that contains
be turned on or turned off by culturing cells at either five binding sites for p53 was purchased from Strata-
permissive temperature 32°C or at the non-permissive gene. Anti-murine p53 antibody (Pab246), anti-p21,
temperature 37°C [8-10]. It has been well docu- and anti-cyclin B2 were purchased from Santa Cruz
mented that at 371C p53Va1135 transfectants express Biotechnology, Inc.
exogenous p53 in a mutant conformation that acts as a
dominant negative mutant and inhibits the function of Generation of stable clones (MCF7-ptsp53)
the endogenous p53 [11, 12]. In contrast, at permissive expressing p53Val1 35

temperature 32'C, the p53Val 135 mutant resumes nor-
mal conformation and behaves as the wt p53. Previous To generate stable MCF-7 clones that constitutively
reports in literature showed that ectopic expression of express p53Va1135 mutant, plasmid pLTRp53cGVa1135

the ts p53 mutant had different effects on cell cycle in and an empty vector (pcDNA3.1) containing a neo-
different cell lines. In many cases, cells expressing the mysin resistant gene were co-introduced into MCF-7
p53Va1135 were arrested primarily in the GO/G 1 phase cells cultured at 37°C using the transfection reagent
of the cell cycle, suggesting that p53 plays a specific Effectene (Qiagen, Valencia, CA). Cells were select-
role at GI [11-15]. It has been shown that transfection ed in medium containing 300 [tg/ml G418. Several
of p53Val13 5 into Hs578T human breast cancer cells clones were picked, expanded in the presence of G418.
resulted in the G1 cell cycle arrest [13]. However, a The expression of p53Val 135 in selected clones was
few reports had showed that a second cell cycle block examined by immunostaining and western blot with
at G 2/M occurred in human fibroblasts by overexpres- anti-p53 antibody (Pab246) that only recognizes the
sion of the wt p5 3 [16, 17]. This suggests that p53 may mutant murine p53 but not the endogenous human
have an important role in regulating the G2-M transi- p53.
tion. In addition, p53Val135 overexpression at 32°C
induces apoptosis in Jurkat [18] and U-937 cells [19]. Western blot analysis
Presently, it is not totally clear what factors are in-
volved in the determination of cell fate in response to Cells in 60mm culture dishes were lysed with

p53 overexpression. 0.1 ml of cold lysis buffer [6] supplemented with
In this study, we show that expression of p53Va1135  l x complete protease inhibitor cocktail (Roche Mo-

at permissive temperature in MCF-7 cells led to a lecular Biochemicals). Approximately 30 [ig protein
growth arrest mainly at the G2/M phase. Exposure of of total cell lysate per sample was separated on
MCF7-ptsp53 cells to OM at the non-permissive tem- 10-15% SDS PAGE, transferred to nitrocellulose
perature that inhibited the endogenous wt p53 trans- membrane, followed by western blot analysis. After
activation function did not affect the OM-induced G, probing the target proteins, membranes were stripped
arrest nor induced an onset of apoptosis. These results and reblotted with anti-P-actin antibody for detection
suggest that the down regulation of p53 transcription of the difference in sample loading. The signals detec-

may be involved in some other cellular changes in- ted using an enhanced chemiluminescence (ECL) de-
duced by OM but it is not directly connected to the tection system were quantitated with a BioRad Fluor-S
antiproliferative activity of OM per se. MultiImager System. Densitometric analysis of auto-
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radiographs in these studies included various exposure wall plates in RPMI-1640 medium containing 10%
times to ensure linearity of signals. FBS. Duplicated plates were set up, one set was cul-

tured at 371C and the other set was cultured at 32 0C.
Reporter assays to determine the p53 At indicated times, culture medium was removed and
transactivating activity cells were washed once with PBS. Then YO-PRO-1

dye and PI (1 pil/ml) in PBS were added to the cells.
MCF-7 cells and stable clones were plated at a density The detection of apoptotic cells (green) and dead cells
of 8 x 104 cells/well in 24-well plates and incubated (e n re)wr efre ihmcocp n

for 24 h at 37 or 321C in medium containing 10% FBS (red and green) were performed with microscope and
with a fluorescence microplate reader to measure the

before transfection. Cells were transiently transfect- rela fluorescence intenies.Fr to-ar e,
ed wth toal f 20ngof rporer NA p53uc) relative fluorescence intensities. For YO-PRO-1 dye,

ed with a total of 200 ng of reporter DNA (p53Luc) the Ex/Em is 491 nrr1509 nm; for PI, the Ex/Em is
and 2 ng of pRL-SV40 (Renilla, Promega) per well teE/r s41n/0 m o I h xEni

and ngof pL-540 (enila, romga) er ell 535 nm/617 nm. To examine the appearance of apop-

mixed with the Effectene reagent. Transfected cells toi cells in tCe app 5a on after

weretotic cells in MCF-7 and MCF7-ptsp53 clones after
were cincubated activities7wer e 32°Caf re 40 rin tocel exposure to OM, cells were cultured in the presence
lysis. Luciferase activities were measured using the or absence of OM at both 37 and 32°C for several
Promega Dual Luciferase Assay System. days. Apoptotic assays were performed at different

Cell growth assay intervals.

Viable cell number count was conducted in monolayer Analysis of cell morphological changes

culture in 24-well costar culture plates. Cell prolifer- MCF-7, MCF7-neo, or MCF7-ptsp53 were treated
ation assay to determine total DNA content was con-
ducted in 96-well culture plates using CyQUANT Cell withM treated mperatuexswit e in-Prolfertio Asay Kt (-706) btaied romMo- dicated times, cell morphology was examined under
Proliferation Assay Kit (C-7026) obtained from Mo- a phase contrast microscope equipped with a Penguin
lecular Probes and a fluorescence microplate reader 600CL digital camera.
with the parameters of 480 nm excitation and 520 nm g
emission. Microarray analysis

Flow cytometric analysis The human cDNA array containing some 40-45K

Distribution of DNA content in MCF-7 cells and stable genes was obtained from the Microarray Core Fa-

clones was determined by flow cytometry. Cells were cility at Stanford University School of Medicine.

fixed in 70% ethanol for 2h at 4'C. After washing Detailed protocols for probe labeling and hybrid-fixe in70%ethnolfor2h a 4°. Aterwasing ization are available at the Stanford web sites

w ith PB S, cells w ere resuspended in PB S contain- i httpnl acmg m vsta ble dut pbrow n f, w e nomes

ing propidium iodide (PI) (50 [tg/ml) and DNase-free (http://cmgm.stanford.edu/pbrownl, http://genome-
www.stanford.edu/molecularportraits/). Briefly, un-

RNase A (50 igfml) and were incubated at room tern- transfected MCF-7 cells and MCF7-ptsp53 cells in
perature for 20min in dark. Forward and orthogonal RPMI-1640 with 10% FBS were cultured at 37 or

scatter lights as well as red fluorescence was analyzed RPMIfor4 d .ta 1% A wate slated by

by fluorescence-activated cell sorting (FACS). A dual 32AC for 4 days. Total RNA was then isolated by

parameter dot plot of the integrated area versus the RNAeasy kit (Qiagen). Sixty micrograms of total

width of the fluorescence pulse was displayed to ex- RNA per sample was used to generate the first-strand

dlude cell aggregates from cell counting and analysis. cDNA probe in the presence of Cy3-dCTP (for cells

The histogram of DNA distribution was modeled as at 37*C or Cy5-dCTP (for cells at 32 0C) in the re-

a sum of GI, G2-M and S phase by using ModFitLT action of reverse transcription. Labeled cDNA probes

software. were purified using Micron YM-30 column (Milli-
pore), denatured, and hybridized to an arrayed slide

Apoptosis assay overnight at 651C. Slide was washed in 2 x SSC/0.1 %
SDS for 2min, 2xSSC 1min, lxSSC lmin, and

The VybrantrM Apoptosis Assay Kit (Molecular in 0.1 x SSC for 1 min before air-dry. The fluorescent
Probes) was used to detect apoptotic cells in MCF-7 images were captured using a GenePix 4000 scan-
and MCF7-ptsp53 cells during temperature shift and ner (Axon Instruments, Foster city, CA). To analyze
during OM treatment. Briefly, MCF-7 and MCF7- the array data, the CLUSTER program was applied
ptsp53 were seeded 4000 cells per well in 96 black to obtain an average-linkage hierarchical clustering
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Figure 1. Characterization of MCF7-ptsp53 stable clones. (A) Western blot analysis of the murine p53Val
1 35 

protein expression. Cell lysates
were harvested from MCF-7, neo clone, and ptsp53 clones. Soluble proteins (50 fig/lane) were applied to SDS-PAGE. Detection of p53Val

135

mutant protein was conducted by immunoblotting with anti-murine p53 mAb (pAb246). (B) Luciferase reporter assays to determine p53
transactivating activity in stable clones. Cells were cultured at either 37 or 321C overnight and were thereafter transfected with plasmids
p53-Luc and pRL-SV40. Total cell lysates were harvested 40h after transfection. The firefly and renilla luciferase activities were measured.
The normalized firefly luciferase activity is expressed as the fold of luciferase activity in control cells (neo). The data presented are representative
of three to five separate transfections in which triplicate wells were used in each condition.

and the results were displayed by using the program cDNA was synthesized by using the Superscript II
TREEVIEW (software available at http://genome- RNase H-Reverse Transcriptase Kit (Invitrogen) and
www4.stanford.edu/MicroArray/SMD/restech.html). 1 Rg of total RNA in a volume of 20 R1 per reac-
The fluorescent intensities of cy-5 and cy-3 for each tion. PCR reactions using 1 [.l of RT reaction product
target spot were automatically adjusted by the analyz- with a total of 30 cycles were performed for cy-
ing program in a way that the house keeping genes for clin B2, yielding a product of 351 bp fragment. PCR
each slide became equal. The genes whose expression of 26 cycles was conducted for GAPDH. The PCR
varied by at least 2-fold from the median red/green conditions were 94°C for 20s, 55°C for 20s, and
rating were subsequently selected and grouped accord- 72°C for 30s with a final extension at 72°C for
ing to their primary functions defined by GeneCards 5 min.
(http://bioinformatics.weizmann.ac.il/cards/). The sequences of primers are as follows:

RT-PCR analysis * Cyclin B2 forward primer, 5'-AAAGTFGGCTCC
AAAGGGTCCTI3'.

Total RNAs were isolated from MCF-7 and MCF7- * Cyclin B2 reverse primer, 5'-GAAACTGGCTG
ptsp53 cells cultured either at 37 or 32'C. First strand AACCTGTAAAAAT-3'.
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Figure 2. Examination of the effect of p53Va1035 on the growth rate of MCF-7 cells at non-permissive and the permissive temperature. Left

panel: Cell number account - Cells of MCF-7 and stable clones were cultured at a density of 2 x 104 cells/well in 24-well culture plates at

either 37 or 321C for different days. At the indicated time, cells were trypsinized and viable cells (trypan blue excluding cells) were counted.
Values are mean of triplicate wells. Right panel: DNA content - Cells were cultured in 96-well plates at a density of 2000 cells/well in 0.1 ml

RPMI containing 10% FBS for different intervals. At the indicated time, the medium was removed and cells were washed with PBS. Two
hundred microliters of Cyquant GR dye mixed with cell lysis buffer were added to each well. The fluorescent signals were then measured using
a fluorescence microplate reader. Values are mean of triplicate wells. The graph shown is representative of at least three separate experiments
with consistent results.

"* GAPDH forward primer, 5'-CCATCACTGCCAC this study as negative controls to access possible side
CCAGAAGAC-3'. effects associated with antibiotic selection. Western

"* GAPDH reverse primer, 5'-GGCAGGTr'ITCTA blot using anti-murine p53 antibody was conducted
GACGGCAG-3'. to examine the expression of the p53 mutant in se-

lected clones. A total of 12 independent positive
clones were selected. Figure 1(A) shows high levels

Results of p53Val 135 expression in three of the representative
clones. As expected, the p53 mutant was not detected

Manipulation of p53 transactivatingfunction by in untransfected or mock-transfected MCF-7 cells.
temperature switch To determine the effect of exogenous expressed

p53Val 135 on the function of endogenous wt p53, we
For establishing a system to study the effects of p53 compared the p53 transactivating activity in MCF7-
on cell growth, we developed stable MCF-7 clones neo and in MCF7-ptsp53 clones cultured either at 37
that express a ts p53 mutant (p53Val 135 ) by cotransfec- or 32°C by transient transfection of a specific p53
tion of the plasmid pLTRp53cGVal 135 and pcDNA3.1. luciferase reporter (p53Luc). Temperature shift from
MCF-7 clones (neo) transfected with the selection vec- 37 to 32°C had no effect on p53 activated expres-
tor (pcDNA3.1) were also generated and were used in sion of luciferase gene in neo clone, but it markedly
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37"C 32"C

MCF-7

neo

p53Va1
135

Figure 3. Overexpression of p53 induces morphological changes in MCF-7 cells. MCF-7, the neo clone, and the ptsp53 clone were cultured at
37 or 321C for 3 days and photographs were taken using the Penguin 600CL digital camera at a magnification of 200x.

affected the transactivating activity of p53 in ptsp53

clones (Figure I(B)). At 37°C the luciferase activities 350
in ptsp53 clones were decreased to levels of less than 300
5% of the neo clone whereas at 32 0C the luciferase 0

activities were increased approximately 13-fold of the 20
neo clone. These data clearly demonstrate that at the 200 032"C
non-permissive temperature ptsp53 acted as a dom-
inant negative mutant that completely abolished the V
transactivational function of the endogenous wt p53 E 100

in MCF-7 cells. By contrast, at 321C the permissive so
temperature, ptsp53 resumed its native conformation 0
and activated gene transcription through the binding MCF-7 MCF7-neo MCF7-ptsp53
to the canonical sites upstream of the luciferase gene, Figure 4. Reversal of p53-induced growth arrest by temperature
resembling the wt p53. switch. MCF-7, MCF7-neo, MCF7-ptsp53 cells were cultured in

24-well plates at 32°C for 2 days. Then one set of plates was incu-

Overexpression of wt p53 leads to growth arrest bated at 37'C and the other set was remained at the 321C. Cells were
then pulsed with [3H]thymidine for 16 h. The amount of radioactiv-

without induction of apoptosis or senescence ity incorporated into cells was determined by TCA precipitation
assay [29]. Data are expressed as the percentage of radioactivity

We first characterized the effects of p53 overexpres- incorporated in cells at 37*C relative to cells at 32'C for each cell
sion on cell growth. MCF-7, MCF7-neo, and MCF7- line.
ptsp53 cells were seeded in culture plates at 37 0C
overnight. On next day one set of plates was switched
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Figure 5. Cell cycle distribution by FACS analyses. In (A), MCF-7, MCF7-neo, MCF7-ptsp53 cells seeded at equal densities were cultured
for 2 days at 37*C and then were switched to 32°C. Cells were harvested for flow cytometry on days 0 and 2 after the temperature shift down.
In (B), MCF7-ptsp53 cells cultured at 32'C were switched to 37°C and cells were harvested for flow cytometry on days 0 and 2 after the
temperature shift up. Values show percentage of viable cells.

to 32'C while another set was continuously cultured at trast, at 32'C the proliferation rate of ptsp53 clone was
37'C. Cells were harvested at indicated intervals and markedly reduced while the mock clone and MCF-
the cell proliferation rate was determined by direct ac- 7 cells continued to grow albeit at a slightly slower
counting the viable cell number after detachment with rate as compared to 37°C (Figure 2, lower panels).
trypsin (left panel) and by measuring the DNA content Microscopic examination shows that at 37°C the mor-
(right panel). The upper panels of Figure 2 show that at phologies of parental MCF-7, mock-transfected, and
37°C, the growth rates of MCF-7 and the stable clones ptsp53-transfected cells are indistinguishable, whereas
were identical, regardless of the p53 status. In con- at 32'C the size of MCF7-ptsp53 cells was signifi-
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Figure 6. OM induces growth G1 arrest in MCF-7 and MCF7-ptsp53 cells. (A) Cell proliferation assays: Cells of MCF-7 and stable clones were
cultured at 370 C in medium containing 2% FBS with or without 50 ng/ml of OM for different days. At the indicated time, cell proliferation rates
were determined by counting of the viable cell numbers (left panel) and by measuring the DNA content (right panel) as described in Figure 2.
(B) Flow cytometry analysis: Cells were cultured in the presence or absence of OM (50 ng/ml) at either 37 or 32'C. Cell cycle distribution was
determined by FACS analyses. The data shown are representative of three separate experiments. (C) Examination of OM-induced morphological
changes in MCF-7 and MCF7-ptsp53 cells cultured at 32*C. The OM-induced morphological changes were also observed in MCF7-ptsp53
cells when cultured at 370 C.

cantly larger and flatter than control cells (Figure 3). were not observed in any of the ptsp53 positive clones
Characteristic features of apoptosis such as reduced even after several days of culturing at 32°C. The lack
cell size, condensed nuclei, and fragmented nuclei of apoptotic cells was also proved by the negative
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(C) Control OM distribution of MCF7-ptsp53 cells (lower panel) by a

significant increase in cells in the G2 phase (day 0:
*' 15.1% v.s. day 2: 33.5%) and a concomitant consider-

MCF-7 able decrease in the percentage of cells in the S phase
(day 0: 41.2% v.s. day 2: 16.0%), while the percentage
of cells in the G1 phase was not appreciably increased
(day 0: 43.7% v.s. day 2: 50.4%). Conversely, switch-
ing MCF7-ptsp53 cells from 32 to 37°C decreased
G2/M phase from 33 to 8.3% with a concurrent in-

MCF7-ptsp53 crease of S phase from 15.9 to 45% without a notable
change in the GO/G 1 phase (Figure 5(B)). These data
together strongly suggest that overexpression of the
wt p53 in MCF7-ptsp53 cells mainly affects the G2/M

Figure 6. (continued) phase of the cell cycle.

Blockade of endogenous p53 function neither
staining of ptsp53 cells with YO-PRO-l1 dye that turns abrogated the OM-induced G1 growth arrest nor

apoptotic cells green under fluorescence. induced tosi G

The morphologically altered phenotype and the

growth inhibition could result from senescence in-
duced by overexpression of wt p53 [20, 21]. We per- Having established ptsp53 cell lines in which the

formed the SA P-galactosidase staining in these cells endogenous p53 transactivating function can be inhib-

to detect the appearance of senescence and did not ob- ited, we compared the effects of OM on the growth

serve a notable difference in the numbers of positive- rates and cell morphologies of MCF-7, MCF7-neo,

stained cells (<1%) no matter at 37 or 32°C. The and MCF7-ptsp53. The results in Figure 6(A) shows

absence of p53-induced senescence in ptsp53 cells was that OM exerted a strong antiproliferative activity

further confirmed by an assay of 3H-thymidine in- on MCF-7 and stable clones no matter the cells ex-

corporation that showed a stimulated DNA synthesis press the wt p53 or the p53 dominant negative mutant

of ptsp53 cells by temperature shift-up from 32 to (ptsp53). The results of cell cycle analysis indicated

37°C (Figure 4). Therefore, we conclude that over- that OM treatment significantly decreased the percent-

expression of wt p53 results in a reversible growth age of cells in S phase and increased the numbers of

arrest. cells in G1 phase in all cell lines cultured at 37°C.
The G2/M phase was not significantly affected by

G2-specific cell cycle arrest OM. Although we could not clearly demonstrate the
growth inhibitory activity of OM in MCF7-ptsp53

Increased expression of wt p53 has been shown to cells at 32°C due to the p53-induced growth ar-
arrest cells at the GO/G 1 and/or G2/M. Expression of rest, the flow cytometric analysis showed a similar
p53Va1135 in Hs578T human breast cancer cells was pattern with slightly increased G, phases and de-
shown to cause a complete G1 cell cycle arrest [13]. creased S phases in MCF-7 and MCF7-ptsp53 cells
To examine MCF-7 cells for changes in cell cycle pro- (Figure 6(C)).
gression associated with wt p53 expression, MCF-7, By utilizing the YO-PRO-1 dyes, we looked for
MCF7-neo, MCF7-ptsp53 cells seeded at equal den- the appearance of apoptotic cells by microscopic ex-
sities were cultured for 2 days at 37 0C and then were amination and by quantitative spectrometric measure-
switched to 320C and harvested for flow cytometry on ment. In these assays, we used akadaic acid as a
days 0 and 2 after the temperature change. Figure 5(A) positive control. While more than 50% of cells un-
shows that the temperature switch had only a small derwent apoptosis after 4 h exposure to okadaic acid
effect on the cell cycle progression of MCF-7 (up- at a concentration of 400nM, no significant increase
per panel) and the neo clone (middle panel) by a of apoptotic cells or necrotic cells was detected in
slight increase in the number of cells in the G, phase. OM-treated MCF-7, neo, and ptsp53 clones during the
This likely reflected an overall slower growth rate of entire experimental period (8 h to 5 days) no matter
these cells at the lower temperature. However, the cells were cultured at 37 or 32°C. This is consistent
temperature shift specifically changed the cell cycle with the FACS analysis of lacking the sub-Go apop-
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Table 1. Genes regulated by overexpressed p53

No. Accession no. Gene name MCF7-ptsp53 at 32*C MCF7-ptsp53 at 32*C MCF-7 at 320 C

versus versus versus

MCF7-ptsp53 at 371C MCF-7 at 370C MCF-7 at 371C
(ratio) (ratio) (ratio)

Cell growth
1 N23941 Cyclin-dependent kinase inhibitor 11.9 9.6 1.4

IA (p21, Cipl)

2 AA450062 Prostate differentiation factor 3.7 7.2 1.0
3 A1955990 PRG4 proteoglycan 4 0.5 0.2 1.2
4 AA598974 Cell division cycle 2 (CDC2) 0.5 0.2 0.6
5 AA449336 Protein regulator of cytokinesis 1 0.3 0.2 1.4

(PRC1)

6 A1932735 Cyclin B2 0.3 0.2 0.6
7 AA911194 Melanoma differentiation associated 0.2 0.3 1.0

protein-5 (MDA5)
8 A1357590 2'-5'-oligoadenylate synthetase 0.1 0.4 0.8

3 (OAS3)
9 AA481164 2'-5'-oligoadenylate synthetase 0.1 0.3 1.1

2 (OAS2)

Chaperone protein
10 AW004895 Heat shock 60 kDa protein 1 0.4 0.2 1.1

(HSK60-1)

Metabolism
11 AA455800 Gamma-glutamyl hydrolase (GGH) 0.3 0.2 0.8

Signaling pathway
12 N59336 Solute carrier family 7, member 11 0.3 0.2 0.8

(SLC7A11)
13 H81023 Serine/threonine kinase 12 (STK12) 0.2 0.4 0.9
14 AA076085 Signal transducer and activator of 0.2 0.3 1.1

transcription 1 (STATI)

totic population in OM-treated MCF-7 and the stable Identification ofp53-regulated genes mediating
clones. G2/M cell cycle arrest by microarray analysis

Figure 6(C) shows OM-induced morphological
changes in MCF-7 and MCF7-ptsp53 cells. The We were interested in identifying p53-regulated genes
typical changes include disruption of cell to cell that participate in the control of cell cycle progression.
junctions, enlarged cytoplasms, and appearance of To accomplish this, three sets of microarray analysis
cell extensions and membrane protrusions. Although were designed. In the first set of experiments, total
ptsp53 cells are larger and flatter as compared to RNA isolated from MCF7-ptsp53 grown at 32°C was
MCF-7 cells in the absence of OM, the OM-induced used to generate the first-strand cDNA probe labeled
membrane protrusion and cell extension were clearly with cy-5 and the cDNA probe generated from RNA of
seen in both cell lines. All together, these results MCF7-ptsp53 grown at 371C was labeled with cy-3.
suggest that in MCF-7 cells, elimination of the In the second set of experiments, cDNA of MCF7-
transcriptionally active p53 did not directly affect ptsp53 grown at 321C was labeled with cy-5 whereas
OM activities in the regulation of cell growth and the cDNA derived from RNA of untransfected par-
morphology. ental MCF-7 cells grown at 37°C was labeled with
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cy-3. The third set of experiment was designed to as- We noticed that expressions of cdc2 and cyclin B2 in
sess the effect of temperature switch on general gene the wt MCF-7 cells were slightly down regulated (40%
expression of MCF-7 cells, as a negative control for decrease) when cells were cultured at 32°C. This may
the specific changes induced by p53 overexpression. be caused by the relative slower growth rate of MCF-
Labeled probes were hybridized to cDNA array slides 7 cells at 32°C as compared to 37'C. To validate the
containing some 40-45K human genes. Using a cri- results of array studies, we checked the p21 protein
teria of 2-fold as a cutoff line, the expressions of 14 levels in MCF-7, MCF7-neo, and MCF7-ptsp53 by
genes were shown to be differentially regulated by western blot analysis. Figure 7 shows that the p21 pro-
wt p53 overexpression in arrays that compared the tein level in ptsp53 cells cultured at 37°C (Lane 1) was
wt p53 with the mutant p53 and that compared over- significantly lower than neo or the wt MCF-7 cells,
expressed wt p53 with the endogenous p53 but not likely reflecting the dominant negative effect of the
by nonspecific temperature switch (Table 1). Interest- mutant over the wt p53 protein which is required for
ingly, 9 out of 14 genes are functionally related to cell the basal transcriptional activity of p21 [22]. However,
cycle regulation and none of the identified genes are upon temperature shift down, the level of p21 protein
related to apoptosis. This finding is consistent with our was rapidly increased in MCF7-ptsp53 cells but was
apoptosis assay and further supports the notion that unchanged over the experimental duration in MCF-7
p53 overexpression in MCF-7 cells does not induce and the neo clone. It reached a maximum of 15-fold of
apoptosis. control after 24 h in ptsp53 cells. In comparison, the

The results of array analyses revealed that four temperature switch did not alter the expression of an-
genes that function in the G2/M phase of the cell cycle other cdk inhibitor p27. p21 has been shown to play a
were affected by the overexpression of the wt p53. complementary role in the G2/M checkpoint. Without
Overexpressed p53 stimulated p21 mRNA expression p21 cells are unable to remain in G2 , but progress
approximately 10-fold and suppressed transcriptions into mitosis [23]. Our results suggest that p53 induced
of cdc2, cyclin B2, and PRCI by 50-90% of control. G2/M arrest partially through upregulation of p2 1. By

32"C (h): 0 1 2 4 8 24 en
p21 "- . . 41 _ 1_

p
2 7 

• . MCF7-ptsp53 U

P3-Actin--,

37 0C 37 0C 32 0C

"'21 -iMCF7-neo cFRT-PCR

P-Actin---* GAPDH-' _ _ _ _ _

p2--l - 44b.
1l-Actin--'* ___ -- _____- __ MCF- 7 Cyclin B2 Western blot

1 j3~~~-Actin -- eser-bo
Figure 7 Induction of p21 protein expression following temper-
ature shift down in MCF7-ptsp53 cells. MCF-7, MCF7-neo, and Figure 8. Cyclin B2 mRNA and protein levels decrease in ptsp53
MCF7-ptsp53 cells were seeded at 371C overnight. On next day, cells upon temperature shift down. Total RNA and total cell lysate
cells were switched to 32'C and incubated for the indicated hours, were separately harvested from MCF7-ptsp53 cells that were cul-
Western blot with anti-p21 mAb was performed to detect p21 pro- tured at 37 or 32*C for 3 days. RT-PCR was conducted to detect
tein expression using 50 Vg of soluble proteins per cell lysate. The cyclin B2 mRNA level as well as the level of GAPDH mRNA as de-
membranes were striped and reprobed with P-actin. The fold in- scribed in Materials and methods. Compared to MCF7-ptsp53 and
duction of p21 protein level normalized to P-actin relative to control the untransfected MCF-7 at 37'C, cyclin B2 mRNA expressed was
(0 h point) in ptsp53 cells is as follows: 321C 1 h, 2.7; 32'C 2 h, 2.6; decreased by approximately 50% in ptsp53 cells cultured at 32'C.
32°C 4h, 7.2; 32'C 8 h, 13.2; 32'C 24h, 15.6. The figure shown is Detection of cyclin B2 protein was conducted by immunoblotting
representative of two separate kinetic studies. After normalization, with 50 jig of soluble proteins per cell lysate. After normalization
the levels of p21 in MCF-7 and the neo clone remained constant with 3-actin, cyclin B2 protein level in ptsp53 cells at 321C was
through the experimental duration, decreased by 80% as compared to MCF-7 and ptsp53 at 370C.
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Figure 9. Microarray analysis to identify OM-regulated cell cycle components. MCF-7 cells were cultured in the absence or the presence of
OM at the concentration of 50 ng/ml for 3 days and total RNAs were isolated from untreated control or OM-treated cells. The graph illustrating
mRNA levels of c/EBPS, p21, cdc20, and TKl in OM-treated cells are presented as fold increase or fold decrease relative to control cells. The
data (mean ± s.d.) shown were derived from two independent array studies. The differential effects of OM on the expression of these four genes
were also confirmed by separate microarray studies using cells treated with OM for I and 5 days.

using a semiquantitative RT-PCR assay and western DI D3 D5

blot, we also confirmed the repressive effect of p53 on U 0 U U 0
cyclin B2, a central regulator of cell cycle progression p21---I[ - MCF-7
from G2 to mitosis (Figure 8). PActin -,.oM

OM-mediated growth inhibition is associated with
a coordinate regulation of cell cycle components p21--- I .... ...
involved mainly in GI/S transition I.

To investigate the molecular mechanisms underly- Figure 10. OM upregulates p21 protein expression in MCF-7 as

ing the OM-induced G1 cell cycle arrest, microarray well as in MCF7-ptsp53 cells. MCF-7 and MCF7-ptsp53 cells were

analysis was conducted using mRNAs isolated from cultured at 37'C without or with OM (50 ng/ml) for different days.

untreated and OM 3-day treated MCF-7 cells. Anal- At indicated time, cells were harvested for western blotting with

ysis of the array data identified that the expression anti-p2l mAb as described in Figure 7.

of four cell cycle components that function mainly
in the GI/S transition was differentially regulated by
OM. Figure 9 shows that the mRNA levels of c/EBP8 where the function of wt p53 was inhibited. Figure 10
and p21 were increased 3.2- and 2.3-fold by OM, re- shows that in both cell lines, the levels of p21 protein
spectively, whereas the mRNA levels of cdc20 and arose after exposure to OM. By 3 days of treatment,
thymidine kinase 1 (TK1) were reduced to 29 and the amount of p21 protein increased more than 20-
25% of the control. Interestingly, other than p21, the fold as compared to untreated control cells. Since the
expression of p53-regulated cell cycle components in- p21 mRNA only increased 2.3-fold by OM in the same
cluding cdc2, cyclin B2, and PRC1 was not altered period of treatment, these results suggest that the regu-
by OM (data not shown). We further examined the lation of p21 by OM involves both transcriptional and
effect of OM on p21 protein expression in MCF-7 cells translational mechanisms. Moreover, the mechanisms
that express functional p53 and in MCF7-ptsp53 cells of regulation are independent of p53 status.
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Discussion centage of cells in the S phase. These data suggest that
p21 contributes to the G2/M arrest.

An increase in p53 expression can result in differ- Cell cycle progression from G2 to mitosis requires
ent outcomes, including apoptosis, transient growth cyclin B and cdc2. The complex formed between cyc-
arrest at the G1 and/or G2 phase of the cell cycle, lin B and cdc2 is essential for the G2/M transition [26].
or irreversible growth arrest (senescence) [24]. The Repression of cyclin B 1 and cdc2 transcription by
limited responses to p53 activation are cell-type spe- wt 53 in fibroblasts resulted in a G2/M arrest [17].
cific and are largely determined by p53-down stream The transcription of cyclin B2 has been shown to be
target genes whose transcriptions are directly or indi- suppressed by wt p53 through its promoter region im-
rectly controlled by p53. In this study we demonstrate mediately upstream of the coding sequence [27]. Our
that overexpression of the wt p53 in MCF-7 breast results of array studies indicate that the transcription
cancer cells by culture of the ptsp53 transfectants of cyclin B2 and cdc2 in MCF-7 cells was repressed
at the permissive temperature results in a transient by wt p53. In addition to cyclin B2 and cdc2, ar-
growth arrest at mainly the G2/M phase of the cell ray results also revealed the down regulation of PRC1
cycle, gene. PRC1 has been shown to be involved in cy-

The p53-mediated G2/M growth arrest occurred tokinesis [28]. During normal cell cycle, PRC1 protein
after 2-3 days of the temperature shift down. We did levels are high in S and G2/M and drop dramatically
not observe any of the signs associated with apoptosis after cells exit mitosis and enter G1. Thus, it is con-
or senescence even when the cells were maintained at ceivable that suppression of PRC1 transcription by wt
32°C for a long period of time (up to 1 week). We p53 keeps cells from entering mitosis. Further study is
sought to understand the molecular basis for this out- required to determine whether PRC1 is a new target
come in MCF-7 cells that are different from another gene of p53. Interestingly, analysis of array results
human breast cancer cell line Hs578T where ptsp53 from both sets of experiments did not find p53-induced
caused a complete G1 arrest upon expression of the changes of genes involving in apoptosis such as bax.
wt p53 at 32°C. Gene profiling of 40K human genes This corroborates our observation for the lack of ap-
of known and unknown functions by microarray study optotic features in MCF7-ptsp53 cells when cultured
allows us to compare the whole spectrum of changes at 320C.
in gene expression induced by p53. The microarray One of the aims of this study was to investigate
study was stratified by designing three sets of ex- whether p53 is directly involved in the OM-induced
periments that compared changes in gene expression growth inhibition of MCF-7 cells. We postulated that
by increased p53 expression (ptsp53 32 0C v.s. MCF- a decreased p5 3 expression maid persuade cells to un-
7), by comparison of cells expressing functional p53 dergo growth arrest instead of apoptosis. However, by
with the cells expressing the dominant negative mutant using the MCF7-ptsp53 cells we found out that inhi-
p53 (ptsp53 32°C v.s. ptsp53 370C), and by gene biting the transcriptional function of endogenous p53
changes caused by temperature switch (MCF-7 32°C by expression of the mutant p53 at 37°C did not en-
v.s. 37°C). We found that in both experimental settings hance or prevent the antiproliferative activity of OM
of p53 overexpression, wt p53 strongly induced p21 and did not trigger an apoptotic response to OM. Our
expression and suppressed cdc2, cyclin B2, and PRC1 results suggest that p53 is not directly involved in the
transcription. The regulations of p53 on p21, cyclin process of OM-induced growth repression and mor-
B2, and cdc2 gene expression have been previously phological changes. Treatment of cells with OM leads
reported [20, 22, 23]. However, it is our novel finding to profound changes in the expression of many genes.
that p53 down regulates PRCE. Therefore, even though OM induced growth repres-

The cyclin-dependent kinase inhibitor p21 has sion and p53 down regulation occur concomitantly,
been demonstrated to not only play a central role in it is not totally surprising that these two biological
GI/S cell cycle arrest but also to play a complementary effects are not directly connected. Microarray anal-
role in the G2/M check point [25]. Analysis of cell ysis indicates that OM affects the cell growth through
cycle distribution by flow cytometry showed that tern- regulation of genes that mainly function in the GI/S
perature shift down of ptsp53 cells did not increase transition, including c/EBP8, cdc20, TK1, and p21.
significantly the number of cells in Go/G1 phase, in- Overall, our studies of cell cycle and microarray
stead it caused a marked accumulation of cells in the analyses suggest that OM and p53 arrest cell growth
G2/M phase with a concomitant decrease in the per- by affecting different phases of the cell cycle; OM
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arrests cells at the Go/G1 phase whereas p53 halts 9. Milner J, Medcalf E: Temperature-dependent switching
the cycle progression at the G2 /M phase. In addition between "wild-type" and "mutant" forms ofp53Vall35. J Mol

to regulate the cell growth, OM has been shown to Biol 210: 481-484, 1990
10. Martinez J, Georgoff I, Levine AJ: Cellular location and cell

induce many changes in cellular functions such as cycle regulation by a temperature-sensitive p53 protein. Genes
cell morphology, adhesion, motility, metabolism, and Dev 5: 151-159, 1991
extracellular matrix deposition. Similarly, p53 con- 11. Hughes A, Gollapudi L, Sladek T, Neet K: Mediation of nerve

scritical cellular processes. It has been growth factor-driven cell cycle arrest in PC12 cells by p53. J
trois numerous cBiol Chem 275: 37829-37837, 2000
shown that changes in p53 levels lead to variable out- 12. Liu X, Nishitani J, McQuirter JL, Baluda MA, Park NH: The

comes. Given the consideration of the importance of temperature sensitive mutant p53-143ala extends in vitro life

p53 in cell homeostasis, the regulation of OM on p53 span, promotes errors in DNA replication and impairs DNA
repair in normal human oral kerakinocytes. Cell Mol Bio 47:

transcription warrants further investigation. 1169-1178,2001
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